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ABSTRACT 
The quantity of waste generated in Libya, as in other developing countries, has 
been increasing dramatically for many years due to a rapid urban expansion 
associated with high population growth. Until now, this waste has been dumped 
into very large open tip sites located close to urban areas. These sites lack any 
form of engineered control system to prevent groundwater contamination and 
environmental degradation from the air and ground pollution. A high risk of 
. groundwater contamination occurs in many water wells around the dumping 
sites. There is an urgent need to fmd an affordable and feasible long-term 
solution to protect groundwater supplies and the surrounding environment. 
However, the construction of engineered landfills usually requires the 
installation of a lining system. To be efficient, the lining system material should 
have a low hydraulic conductivity that should not increase under the action of 
leachates. This research provides a comprehensive physical and chemical 
laboratory investigation of an arid Libyan soil to assess its suitability in a 
landfill lining system. The clay mineralogy tested using XRD showed that 
compositions of all soil types tested are similar and are predominately illite and 
kaolinite. Batch equilibrinm testes were used to characterise the soil adsorption 
properties. The results of this assessment indicate that Libyan clays is not 
wholly satisfactory according to the criteria and guidelines available for landfill 
mineral liners. However, a bentonite was used to improve Libyan soils' 
performance as landfill liner. The results showed that bentonite improved the 
engineering characteristics of the Libyan soils tested, and proved to be a better 
additive as it lowered the hydraulic conductivity, and increased the adsorption 
capacity of the soils. Bentonite thus showed that it has the potential of being 
used as an additive to Libyan soils to improve its containment qualities. 
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CHAPTER ONE 
INTRODUCTION 
1.1 General 
Left unmanaged and uncontrolled, the disposal of domestic and industrial waste in dumps in 
open sites around urban areas can, in general, cause two major pollution problems. The most 
serious problem results from the passing of leachate to groundwater, which can severely 
pollute water supplies, soil and the surrounding envirorunent. The second problem is gas 
generation, consisting mainly of methane and carbon dioxide, which pollutes the airways with 
noxious smells and, if collected in sufficient quantities, can be potentially explosive. 
In order to minimise the risk of groundwater and envirorunental pollution, engineered landfill 
lining systems are widely designed, particularly in the developed countries, to contain both 
waste and its products of decomposition until they become sufficiently stable and inert to 
present no significant risk to humans or the envirorunent. Engineered landfill lining systems 
are usually made of soils that have low hydraulic conductivity, which should not change 
under the action of the leachate. These soils could be compacted clay and silt. Alternative 
landfill lining systems have also been proposed such as geomernbranes, geosynthetic clay 
liners and composite liners. 
In Libya, whilst there is a general awareness of groundwater and envirorunental pollution 
problems the pollution may be far worse than is immediately apparent as domestic and 
industrial waste is being disposed of by being dumped in very large open tips around densely 
populated cities. These sites do not utilise proper landfill engineering techniques and systems. 
This practice creates a potential source of contamination for soil and water resources since 
both waste dumps and the drinking and irrigation wells tend to be in areas of high population 
density. This has resulted in very serious envirorunentaI hazards. Alghariani (1999) reported 
that groundwater aquifers, which represent the only dependable water supply in the Tripoli 
1 
area, have been contaminated where the water wells that are used for drinking purposes are in 
the vicinity of dumping sites. 
The effect of waste contamination on the groundwater reserves is a subject about which there 
is insufficient existing information. There is no quantitative study that shows the seriousness 
of leakage of pollutants into the groundwater supply. AIi et al., (1999), claimed the hazards of 
indiscriminate dumping of solid waste include: 
• Health hazards to the nearby residents through inhalation of dust as smoke from the 
burning of waste. 
• Environmental pollution from smoke. 
• Environmental pollution from leachate and gas. 
• Blockage of open drains and sewers, creating serious secondary problems relating to 
public health and environmental pollution. 
• Health hazards to waste workers through direct contact with waste. 
This research focuses on the suitability and the ability of the North Western Libyan clays to 
function as an appropriate future landfill lining system for waste disposal sites. The 
effectiveness and the suitability of a clay liner can be judged on the basis of two mechanisms 
(Jepson, 1984): 
(1) The ability to impede the flow of a pollutant and pollutant carrier into the subsoil and (2) 
The ability to absorb or attenuate suspended or dissolved pollutants. 
The main advantage of using natural clays as waste disposal landfIil liners is their relatively 
low hydraulic conductivity and their high adsorption capacity to many hazardous substances. 
1f the Libyan clays can function as appropriate liners, a clay lining system still remains a 
viable option capable of minimising leakage problems. This is due to the flexibility and 
simplicity of the technology required to construct and maintain clay lined landfill sites in 
'comparison with other widely used options (e.g. geomembrane systems). The implication of 
this is that specialist staff will not be required to operate clay-lined sites. In addition, unlike 
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developed countries, Libya is not well prepared to implement the complex design and 
construction process involved in modem landfill technology. However, Libya is fortunate to 
have an abundance of natural clay resources in the vicinity of waste disposal areas, which 
make the clay liner option cheaper and more feasible. 
Libya is located in an arid to semi-arid environment. The soils from arid region are 
characterised by three factors, which particularly influence their engineering behaviour and 
properties: 
1- The unsaturated conditions of most arid soils; 
2- The occurrence of particular types of soil structure, where "structure" is taken to include 
both "fabric" and the existence of any bonding between particles; 
3- The crystallisation or dissolution of salts and other chemical effects. 
Wheeler (1994) stated that an understanding of the engineering behaviour and properties of 
arid soils must include reference to these three factors. 
The increase in the volume of domestic and industrial waste being produced in Libya, and the 
need to dispose of this waste in an affordable, environmentally acceptable manner that suits 
the Libyan environment is a major problem. This has led to the urgent need for the 
development of regulations that govern the disposal of this waste in landfill sites. The 
guidelines (chapter Three) from other countries (e.g. South Africa) for a clay liner 
construction may be useful when it is applied to arid or semi-arid soil, taking into 
consideration the differences in climatic conditions and also the depth of groundwater. This is 
particularly important, as Libya's climate is one of dry, hot summers and mild winters, where 
annual evaporation exceeds annual precipitation, sometimes very significantly. The relaxation 
of some criteria that are not compatible with arid conditions can make landflll more 
affordable without unduly endangering the environment. 
1.2 Research Justification 
The amount of solid waste generated in Libya and other developed countries are increasing 
dramatically day by day. This increase is due to the increasing number of households. Thus, 
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properly engineered landfill sites are urgently needed in order to save the groundwater 
supplies, as well as the environment, from the potential contamination that is currently wide 
spread due to the mismanagement of the solid waste disposal. 
Recently the local authority in Tripoli started to address the pollution problems resulting from 
the lack of waste management. The increasing amount of domestic and industrial waste 
produced in Tripoli has led to the establishment of an environment agency, which until now 
has not had complete control over the whole problem in terms of regulation and guidelines. 
They are; however, keen to find a suitable solution for this serious problem, which threatens 
both public health and the environment. There needs to be a cultural change within the public 
in Libya ensuring that waste is always collected and dumped in a suitably engineered site. 
In 1999, the local authority in Tripoli proposed the use of engineered landfill sites to try to 
control the increasing pollution problems in the city. The project, called" Dump for urban 
solid waste refuse and recyclables", was designed by an Italian Company called PROGESTA. 
The project aimed to build a multipurpose plant for the disposal of municipal and industrial 
waste for the city of Tripoli. The company suggested that, by using a geomembrane system, 
they could contain the waste. Unfortunately, this project has not yet been built and pollution 
problems still remain unsolved. 
Any risk of environmental pollution will be reduced through selecting the best possible site 
design at the planning stage, site preparation and maintaining safe operating practices when 
the site is used. Future landfill sites in Libya must achieve the following: 
• Prevent contact between waste and rainfall; 
• Prevent contamination of groundwater aquifers and the pollution of the surrounding 
environment through construction of a properly engineered landfill liner system; 
Prevent smells and burning by compacting and covering waste and controlling site 
operation; 
• Prevent air pollution through the covering of the waste. 
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1.3 Purpose of the research 
The purpose of this research is to fmd a suitable and affordable technique that can suit Libyan 
conditions based on the practical conditions on the ground. The emphasis of the research is on 
identifying and assesses the current waste disposal management and their consequences on 
Libyan enviromnent, and then proposal of the suitable method that can be used to minimise 
the contamination problems to acceptable level. This technique will use the local material 
(clays) as landfillliners that found in large quantities in Libya. 
1.4 Aims and objectives of the research 
This research aims to give a detailed investigation of the feasibility of the use of engineering 
landfill in Libya. With a further focus on lining systems, this research investigates the use of 
Libyan clays as liners. This is based on a systematic analysis of secondary literature and an 
analysis of soil samples taken from Northwest Libya to assessment the material's suitability 
and its ability to be used as potential landfill liners. Furthermore, the research will also 
discusses and compare some international guidelines, such as those from South Africa, that 
may be appropriate for Libyan conditions, It is hoped that the outcome of this research will 
provide suitable guidance for the Enviromnental Agency and local authorities in Libya, and to 
other countries with similar climatic conditions concerning the ability and suitability of 
natural clays for use as a liner for waste disposallandfill sites. 
To achieve this aim the following objectives will be addressed: 
1) To investigate the waste disposal practice in Libya and to assess the possible 
consequences of the current practice 
2) To develop an overall feasibility of the use engineered landfilling in Libya 
3) To compare and investigate the viability of the use of local clay as liners for 
engineered landfilling 
4) To characterise all the physical and chemical characteristics of the Libya soil; their 
characters will be discussed according to their suitability as engineering clay landfIll 
liners 
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5) To make recommendations for improved waste disposal practices and use of 
appropriate liners that can suit Libyan conditions, and for its use as waste disposal 
landfillliners. 
1.5 Thesis Overview 
The thesis is presented as follows: 
Chapter one: This presents the importance of the landfill liner system and its advantages in 
minimising the risk of groundwater and environmental pollution. The future of the landfill 
industry in Libya is also briefly included. It also introduces the aims and objectives of this 
research. 
Chapter two: This chapter describes the limited data that is available about the quantity of 
waste that is generated in Libya and its impact on the environment. It provides a description 
of the current state of waste disposal in Libya, in terms of the quantity of waste production, 
methods of disposal and its management and finally the groundwater and soil pollution. 
Chapter three: Here previous studies are discussed to examine what has been done so far 
regarding the waste management in low income countries included Libya. The use of landfill 
lining system technology and what needs to be focused on in this research. Particular attention 
is paid to hydraulic conductivity. measurements .and the attenuation characterises that control 
the performance of low cost, suitable landfilllining systems. 
Chapter four: The collection of information about the waste management in Libya, and also 
discusses the methodology that is used to evaluate the suitability and ability of natural clays to 
function as landfillliners. The evaluation of the Libyan clays was based on both physical and 
chemical analyses. The sample collection strategy from Northwest Libya is included. 
Chapter five: The waste disposal practice in Libya and their impact on the groundwater and 
surrounding environment is presented in this chapter. This included the current practice and 
their consequences. Introduction of the landfill technique as ideal solution to the current 
pollution problem in Libya is included. 
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Results from the experimental work are presented in this chapter. This includes the 
mineralogical analysis, physical and chemical properties of clay samples. 
Chapter Six: This chapter discusses the viability of clay liner. Types of landfilllining system 
were covered, and also, the availability of the natural clays in Libya was covered. 
Chapter seven: This chapter presents the further investigation that have conducted to the 
Libyan soil. This includes the physical and chemical factors that may affect the suitability of 
the clay liners. The additive of bentonite to the original soil were also investigated, any 
changes of the soil behaviour were studied. 
Chapter eight: This discusses the relevant fmdings of the experimental work that was 
conducted on Libyan clay to assess whether it can be considered as a suitable landfill liner. 
Factors such as plasticity, clay mineral content, particle size distribution, compaction and 
hydraulic conductivity have been investigated thus far. The chemical properties of soil 
samples are included. Method, results and discussion of using batch equilibrium test on soil 
suspension to study the attenuation characteristics using heavy metals. The adsorption 
strength of different soil samples on heavy metals and their attenuation is explained. The 
findings of these tests are compared with the most suitable guidelines that may favour Libyan 
conditions. Based on this comparison, an assessment is made of what can be done to improve 
the Libyan clays' performance as a landfill liner. This contains a discussion of the use of 
additives material (bentonite) to improve the performance of soil samples. Bentonite, as this is 
the mineral commonly used in industry to improve mineral liners containment properties. The 
bentonite is compared and conclusions are drawn whether bentonite might be suitable as an 
additive to improve the quality of Libyan soil. 
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Chapter Nine: This provides the conclusions and suggestions for further work. The 
development of the low cost, accurate, geotechnical and chemical tests, which are ideally 
suited to the recommended landfiII testing regime, will provide a strong tool in the future 
assessment of the performance of landfIlI liners. The recommendation of new guidelines that 
may suit these conditions based on the experimental fmdings is also included. 
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CHAPTER TWO 
AN ASSESSMENT OF SOLID WASTE MANAGEMENT IN 
LmYA 
2.1 Introduction 
The solid waste management is defined as an integrated system associated with the 
functional elements of waste generation, on-site storage, transfer and transport, 
processing and recovery, and fInal disposal. It is muItidisciplinary activity that 
involves engineering principles, economics, urban and regional planning, and public 
health and environmental aspects, as well as social considerations relating to public 
attitudes and concerns, (Diaz et al. 1996). 
The environmental problems that are caused by waste mismanagement of Libya are 
numerous. The most serious problem in Libya is the contamination of the 
groundwater and soil and air pollution. The main source of pollution came from 
mismanagement of the solid waste that increased dramatically in the past years. 
The quantity and quality of solid wastes generated are varies with the type of the 
society, the standard of living, habits of the people, and climate. It is also continue to 
change over time, and thus the designer of solid waste facilities must be aware of 
these trends in order to make dependable future projections that would allow the 
design functional and facilities over their estimated useful life. 
This chapter provides an overview of current waste management in Libya; waste 
quantities and composition; collection and method of waste disposal is also given. 
This research aims to contribute towards the research for sustainable waste 
management solutions by investigating the possibility of fmding affordable and 
suitable landfill engineering liners that can suit Libyan conditions and other low-
income centuries. In particular, the research will focus on the use of local natural 
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resources in developing counties with similar characteristic to Libya that should take 
into consideration when engineering landfiII is design in such countries. 
2.2 General Country Background 
2.2.1 Location 
Libya is located in Northern Africa, and lies between latitudes 33°N and 200N and 
longitudes 200E and 25°E. It is bounded by the Mediterranean Sea to the North. 
Egypt lies to the East, Sudan to the South-East, Chad and Niger to the South, Algeria 
to the West and Tunisia to the North-West. (Figure 2.1). Libya covers an area of 
approximately 1,775,500 km2 , three times the area of France, and has a population of 
4,500,000 (1995), the capital city is Tarabulus (Tripoli). Libya is one of Africa's 
largest countries, and consists of barren rocks and sandy desert, which is part of the 
Sahara Desert. The Libyan seaboard stretches for 1,750km along the Mediterranean 
coast, from Zuwarah in the west to AI-Bardia in the east. This is the country's most 
densely populated area. The coastal plain is often marshy. 
The North-West region, once known as Tripolitania, rises from the narrow coastal 
plain in a series of steps until it reaches the Jafara Plain and the Jabal Nafusah 
Plateau. Here the land rises to between 2,000 and 3,000 feet above sea level. In the 
North-Eastern region, once known as the province of Cyrenaica, the land rises from 
the coastal plain to the Green Mountains (J abal al Akhdar) at a height of just under 
3,000 feet. 
2.2.2 Sodo-economic status and population 
The Libyan economy depends primarily upon revenues from the oil sector, which 
contribute practicaIly all export earnings and about one-quarter of GDP. These oil 
revenues and a small population give Libya one of the highest per capita GDPs in 
Africa. Libyan officials in the past four years have made progress on economic 
reforms as part of a broader campaign to reintegrate the country into the international 
fold. 
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Libya faces a long road ahead in liberalizing the socialist-oriented economy, but 
initial steps - including applying for WTO membership, reducing some subsidies, and 
announcing plans for privatization - are laying the groundwork for a transition to a 
more market-based economy. The non-oil manufacturing and construction sectors, 
which account for about 20% of GDP, have expanded from processing mostly 
agricultural products to include the production of petrochemicals, iron, steel , and 
aluminum. Climatic conditions and poor soi ls severely limit agricu ltural output, and 
Libya imports about 75% of its food. 
The Libyan population is approximately 5,225,000 (1994 estimate) with an annual 
growth rate of 3-4%. More than two-thirds of the populations live in the coastal area, 
and they are concentrated in the large cities such as Tripoli the capital and Benghazi 
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2.2.3 Climate in Libya 
2.2.3.1 Temperature 
Libya has Mediterranean climate with a greater variety of seasonal changes. The 
dominant climatic influences are the Sea and the Sahara Desert. In coastal lowlands, 
where 80 percent of the population lives, the climate is Mediterranean, with warm 
summers and mild winters. The climate in the desert interior is characterised by very 
hot summers and extreme diurnal temperature ranges. During the summer months 
there is virtually no rainfall and temperatures soar to over 50°C. 
2.2.3.2Rainfall 
The amount of rainfall, as well as the timing and the intensity, are very important 
considerations. For example, if rainfall is seasonal, the amount of rainfall during the 
wet season may be of such magnitude as to allow significant infiltration even though 
the average rainfall may be relatively low. The average annual rainfall in Libya is 380 
mm, but only 7% of the land surface of the country has a rainfall of more than 100 
mmlyear. The highest rainfalls occur in the Northern Tripoli region (Jabal Nafusah 
and Jifarah Plain) and in the Northern Binghazi region (Jabal AI Akhdar): these two 
areas are the only ones where the average yearly rainfall exceeds the (250-300 mm), 
(Pallas,1980). Rainfall occurs during the winter months and shows an extreme 
variability from year to year and from place to place. The rainfall varies between an 
average 350 mmlyear in Tripoli and less than 100 mm in the plain south of Tripoli, 
(Kruseman et aI., 1980). 
Figure 2.2 shows the average rainfall for Libya over the period of 1995 to 2000. This 
kind of extreme rainfall during the winter season can help to generate a considerable 
amount of leachate from uncovered waste. It is also believed that such rainfall could 
be the main source of the groundwater contamination in Libya. 
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Figure 2.2 Average rainfalls for Libya (1995-2000) 
Source: Libyan Water Authority. 
2.2.4 Water resources in Libya 
Libya ' s largest and most reliable water supplies come from underground storage, 
perched aqui fers , and artesian aquifers and from below the general water table. The 
occurrence of ground water is related mainly to one of the following conditions: 
reliable and yearly recharge of aquifer and more importantly the subsurface 
groundwater. In the region around Tripoli , the main water resource is the stored 
vo lume of fTesh ground water known as the "Quaternary aquifer". The bottom of the 
Quaternary aq ui fe r varies normally between 10 and 30 m below the land surface and 
its water table between 5 and 15 m, (Floegel, 1988). The saturated thickness of the 
formation varies from 10 to 90 m. The saturated thickness is not constant but varies 
with the level of the water table. 
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Based on Lloyd's (1986) classification of aridlsemi-arid/humid regions which 
depends on the mean annual precipitation: 
o to 50 mm constitutes hyper-arid; 
50 to 200 mm constitutes arid; 
200 to 500 mm constitutes semi-arid while 
>500 mm constitutes humid. 
Libya is classified as an arid to semi-arid country. 
2.3 Solid Waste Management- a global issue 
Municipal solid waste (MSW) is a growing problem in all the countries whether are 
developed or in developing countries. For instance: between 1975 and 1990, 
production of MSW in developed countries increased by more than 40%. In Europe, 
production of MSW now averages lkglper person/per day. In a number of South-east 
Asian countries (Japan, Korea, Malaysia and Taiwan) the amount produced may be 
even greater (Sinha, 2000). 
It was estimated that in 1990 approximately 1.3 billion metric tones of municipal 
solid waste was generated globally (Van Buekering et al. 1999). The latter part of the 
1990s annual waste production ranged from 300-800 kg per person in more 
developed countries to less than 200 kg per person in the least developed countries 
(UNCHS 2001). 
The estimation of the global burden of MSW amounted to 1.3 billion metric tons in 
1990, or 0.67 kilograms of waste per person per day. Industrial countries account for 
a disproportionate share of world MSW relative to their share of world population, 
while developing countries account for a disproportionate share of the world's MSW 
relative to their share of world income. Cross-country and time-series analyses reveal 
that MSW generation is positively associated but inelastic with respect to per capita 
income and positively associated and unit elastic with respect to population size. 
Practices for collecting, processing, and disposing of MSW vary widely across 
14 
countries in accord with the nature of the waste stream and key features of the 
environmental and economic context. However the least efficient practices tend to be 
found in developing countries, where MSW poses serious environmental quality and 
public health threats. Although considerable evidence indicates that the generation 
and management of. MSW is sensitive to income and price variables, natural, " , " 
incentives to overuse common property and the presence of intergenerational 
externalities both suggest that private economic behavior will not yield socially 
optimal outcomes in this area. Community intervention may thereby promote the 
social good; with evidence accumulating that favors arrangements involving the 
private firms. The cost of MSW management is likely to grow faster than the pace of 
urbanization if urbanization outpaces the development of transportation 
infrastructures. Solid waste production continues to grow in per capita and over all 
terms. In Western countries the landfill industry is one of the most strictly regulated 
industries, and the engineering of landfill sites is regarded as a highly technical and 
lucrative business, (Fourie et al., 2000). 
However, the solid waste management problems in developing countries are quite 
different from those in developed countries, generally because of the social, 
economic and institutional set up (UNEP 2000). This puts into question the 
applicability of waste management concepts used in developed centuries to 
developing countries, without adaptation on the basis of the conditions on the ground. 
2.4 Solid Waste Management in Developing countries 
In developing countries, in general, municipal solid wastes tend to have a very high 
content of putrescible materials compared to typical developed countries (Klinck et 
al. 1995). Ultimately it is the waste composition, which influences the chemistry of 
the leachate generated. Waste density is between two and five times higher than 
indutrialised countries and moisture content is well in excess of 30 %, i.e. the waste is 
generally at field capacity and any infiltration produces leachate. Indeed, Blight, et.al. 
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(1989) and (1992) have shown that even in water deficient areas there is a potential to 
generate leachate because of the high organic matter content. 
2.5 Overview on Solid Waste Management in Libya 
In 'Libya;' the 'problems reiated' to 'SWM' have been growirig at an alarming rate. 
Currently, Libya is suffering from a growing risk of pollution problems, particularly 
in the large cities with large concentrations of population producing large volumes of 
waste (El-Treike, 2001) evidence and reference here). This waste is currently dumped 
in very large tip sites around cities without any form of protection. The municipal 
solid waste is openly dumped on the land: generating liquid and gaseous emissions 
(leachate and landfill gas). This practice can present a high risk to public health, and 
to the environment through the unrestricted land disposal of solid wastes. 
If waste treatment and its disposal are not carried out to an adequate standard, a 
severe risk to health arises, and serious degradation of the environment and 
groundwater will usually result. The following sections describe the current state of 
Libyan waste disposal management, the problem, and its consequences for both 
groundwater, and the environment. Treatment of waste should be sustainable, dealing 
with today's waste today without passing on problems to future generations. This 
chapter highlights various aspects of the many problems that can be caused by the 
lack of management of waste disposal, and its impact on the population as well as the 
environment. It is also aimed in this research to introduce suitable guidelines, and 
affordable standards that can be used by the local authorities in Libya to build modem 
and fully engineered landfill sites. That can be designed to contain both the waste and 
the products of its decomposition until they become sufficiently stable and inert to 
present no significant risk of harm to human health and the surrounding environment. 
Landfills are generally the cheapest and most widely used method of waste disposal 
worldwide. 
In the past few years, a growing concern has developed amongst the population about 
the inadequacies of solid waste management in Libya (EI-Treike, 2001). The 
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problems of waste management have started to be seriously addressed. This has been 
achieved by the formation of a single govermnent body called The General 
Environmental Agency in 1999, which is responsible for the protection of the 
environment and fInding suitable solutions for the problems of pollution in the 
country. Unfortunately, till now the General Environmental Agency in Libya. is still 
unable to achieve it is objectives, and control the current pollution problems in Libya. 
This is mainly because of the lack of teclmical staff, and scientifIc researches. 
In general, there are two major pollution problems caused by placing the waste in 
open dump sites around the cities without ensuring proper engineering of landfill 
sites. The most serious problem arises from the passing of the leachate to 
groundwater, although infIltration into waste is likely during rainfall seasons (in the 
case of Libya, the rainfall season is from October until April). The high evaporation 
losses draw water out of the landfill to up to 5.5 m below the cover (Blight, 1997). 
The composition of leachate varies but it always causes a contamination of the 
ground water when liquids percolate downwards through the waste to the aquifer. It 
can also cause potential problems to the vicinity by carrying dangerous materials. 
Despite the favourable climate in Libya being quite dry with about 300 mm of rainfall 
annually falling during the winter season, there is still a signifIcant amount of 
leachate generated within the dumped waste (El-Treiki, 2000) as the waste is dumped 
in open tip sites without any form of engineered control, Figure (2.3). 
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Figure 2.3. Unprotected waste dumping in an open site near Tripoli 
Ln fact, there is currently a lack of reliable data and figures of daily waste generation 
in Libya. There is also no proper record of quantity or composition of waste 
production in all the country. The absence of adequate time series data makes it 
difficult for local authorities and researchers to assess the extent of pollution on 
ground water and environmental pollution in order to plan a good landfill project in 
the future . Limited data was obtained from the Libyan General Environmental 
Agency during the field study trip to Libya. 
The generation of leachate can result from three different stages: (i) leachate 
produced from the compression and compaction of solid wastes; (i i) leachate 
produced due to water resulting during decomposition and (iii) most significantly, 
leach ate production due to water infiltration (Mote et al. 1990). Figure 2.4 shows the 
consequences of unmanaged and uncontrolled dumping waste without the use of an 
engineering lining system. 
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Figure 2.4 Consequences of uncontrolled dumping of waste in open site (Oeltzschner, 
1994) 
The second problem is gas generation. This usuall y contains 55% methane, 45% 
carbon dioxide, and more than 100 trace elements (Oweis et al 1990). Methane is 
produced after six months as the result of processes of the methanogenic bacteria. 
The amount of methane gradually increases, and at the same time carbon dioxide 
production decreases. Once the maximum levels of methane are established, they wi ll 
continue to evolve for a number of years. Methane is highly flammable and explos ive 
when mixed with air at concentrations of between 5 and 15%. 
The problems that can be caused by the production of landfill gas are the threat of fire 
in and around the waste, explos ions, unpleasant odours, and the smoke that is 
produced by setting waste on fire. The smoke from continuous buming of the waste 
creates extensive pollution around the sites. More important are the health risks to the 
people who live in the neighbourhood of the dumping sites, Figure (2. 5). The gas 
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production can also have a great effect on vegetation, particularly on reclaimed land. 
The monitoring of the gas within the site, both verti cally and laterally is very 
important and several measures are avai lable for the control of the gas. El-Treiki , 
(200 1) reported that two dumping sites around Tripoli were closed because of the 
severe air and environmental pollution that had been caused. 
Figure 2.S .Show large scale of pollution around Tri poli by uncontrolled dumping of 
waste. 
2.6 Current Solid Waste Management Practice 
2.6.1 Waste generation 
The waste generation in Libya is vari able in seasons and years. These variations are 
the results of di fferences in accounting waste components. At national level the total 
generation is estimated, in 2002, as fo llow (The general environmental agency, 
2003): 
• Organic Waste: I 300.000 ton/year 
• Hazardous waste 230,000 ton/year 
2.6.2 Waste compositions 
In Libya the S.olid waste is include: 
• All domestic and similar waste 
Households often discarct many COJ.I1lll0n itell)s such as paip.t., cleaners. .oils, 
batteries, and pesticides that contain hazard.ous components. Leftover portions .of 
these products are called h.ousehold hazardous waste (HHW). These products, if 
mishandled, can be dangerous t.o public health and the envir.onment. 
This also includes ordinary waste created by households, offices and services 
generated by fo.od preparation and cleaning. Waste produced by the cleaning .of' 
daily public markets, public places and squares been, streets and public areas. It is 
also include vegetable waste C.oming from public gardens and street. 
• Industrial waste 
The waste generated by industrial, commercial activities, and special waste of an 
inflammable, toxic, c.orrosive or explosive character. It also includes old car 
bodies, debris coming from public and private construction works. 
• Septic wastes 
This comes fr.om h.ospitals, clinics, pharmacies and laborat.ories, and c.orpses of small 
and large farm's waste. 
2.6.3 Waste Quantity 
Data on Waste c.omposition, characteristics and generation rates as obtained for 
various Libyan cities, are compiled in Table (2.1). It is apparent that, as typical for 
developing countries, wastes are rich in organic putrecsible. 
Quantity and c.omposition data are the key parameters in determining the dimensions 
and the key elements in the solid waste management. It is iruportant t.o know the 
waste compositions as this will help in the process of choosing the appropriate 
landfill liners. This section covers waste quantity and waste composition of the 
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municipal solid waste that currently produced in the Tripoli region where the most 
data are available. 
There is only one study that the author can rely on, this prepared recently in Arabic 
by The General Environmental Agency in Libya, and this only focused on the Tripoli 
'area: Based on the limited data availa1:ile· about the' quantity of waste that'is "generated' 
and its impact on the environment, Table 2.1 presents the waste that was generated in 
the major cities, located in the North of Libya for the year 2000. This waste was 
collected by the local authority. Normally, this waste is made up of all the major 
fractions of the municipal waste stream. Figure 2.6 shows the waste compositions that 
were generated between the year 1999 and 2002 in the Tripoli region. 
The waste generation in Libya has increased dramatically over recent years due to 
high population growth. Increases in waste generation can cause a real threat to the 
limited groundwater resources and the environment. A potential increase in pollution 
can be expected if the current way of handling it remains the same. 
This section reports the very limited data that was obtained from the Libyan General 
Environmental Agency during the field study trip to Libya. The limited data that was 
available showed that waste compositions that are generated in Libya vary very 
slightly geographically from one city to another. All the cities produced almost the 
same amount of organic waste that was about 55% of the total waste. In Tripoli 
organic waste is about 50% of total waste. 
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Location Tripoli Benghazi Musratah Zawi 
Waste Component % % % % 
, 
-
" 
' ' 
" 
' . ' 
Organic Waste 48.8 43.45 75.2 54.1 
Papers 16.5 25.75 8.7 12.1 
Wood 1.9 2.4 0.9 1.6 
Textile 3.1 4.5 4.2 3.5 
Plastic and Rubber 2.1 2.3 3.8 7.8 
Metals 3.8 9.45 5.1 6.9 
Glass and ceramics 3.3 2.4 1.9 3.9 
Stones and ash 16.7 9.8 0.2 10.1 
Table 2.1: Waste Compositions as percentages of wet weight in the major cities in 
Libya. The General Envirorunental Agency - Libya (2002). 
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Figure 2.6 Major Waste Compositions as Percentages of Wet weight in Tripoli Area 
for year 1999 and 2002. 
Source: The General Environmental Agency-Libya (2002) 
This means that when this type of waste is dumped in a huge site and left for a very 
long time without any kind of protection, it will cause severe pollution problems for 
the surrounding enviromnent and humans. As mentioned earlier, reliable data is 
notoriously hard to obtain from Libya, making it very difficult to make comparisons 
between different places. Table 22. shows the. typical composition of waste. disposed 
within the UK, an Asian city, and a Middle Eastern city. From this Table, it is clear 
that both waste composition and the rate of waste generation vary considerably. 
These variations will have a marked impact on both the process that occurs within 
landfill and upon the management strategies required to effectively control the 
landfill development. 
According to Westlake (1995), even within one country, waste composition can vary 
considerably over time and from season to season. For example, in the UK the 
composition of Municipal solid waste changed considerably after the introduction of 
the Clean Air Act (1956). This act resulted in a reduction of organic material such as 
(papers and vegetables) bumt in the flfeplace. 
In developing countries, the waste disposal industry is often poorly controlled and 
presents a wide range of enviromnental problems, such as groundwater pollution, and 
soil contamination 
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Waste UK Asian City Middle Eastern 
component (%) (%) City 
(%) 
. Vegetables '28 . , . 75" .. .. " 50 ,.,' ..... 
Paper 37 2 16 
Metals 9 0.1 5 
Glass 9 0,2 2 
Textiles 3 3 3 
Plastic 2 1 1 
Miscellaneous 12 18.7 23 
Density Kg m -3 132 570 211 
Table 2.2 Comparison of waste characteristics from different countries 
2.6.4 Waste Collection and Transfer 
The quantity of solid waste produced in Libya continues to grow and put pressure on 
the environmental agency and local authorities. The amount and composition of solid 
waste produced by Libya cities varies by location of the cities and income level in 
one city. Collection system is also varies widely city location and municipalities 
revenues and infrastructure leveL All the municipalities have a collection service 
using collection vehicles. The use of garbage container is frequent in cities and their 
adequacy is considered poor. 
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There are two types of waste collection services: door-to-door collection in large 
cities; and a drop-off collection system in areas where skips have been provided such 
as in small towns and commercial areas. The local city council in each town is 
responsible for daily collection and dumping of the waste. It is very common to see 
-.-., . ,- overflowing- skips in open areas, remaining .uncontrolled for long time. This is. 
attributed to a shortage of skips and the bad management of waste. The other problem 
is the use of inadequate vehicles to transport waste to a dump sites, Figure (2.7). 
This indicates that the local authorities are struggling to effectively collect the waste 
due to the use of improper equipment. The current practice of dealing with municipal 
solid waste on a daily basis is one of the major threats to the environment in the 
country. 
Inefficient waste collection and haulage due to inadequate forward planning and poor 
truck facilities is just one of a number of related deficiencies to be overcome in solid 
management in Libya. The separation at source of organic material, paper, glass, and 
metal is not yet developed in Libya. 
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Figure 2.7. An inadequate vehicle used to collect and transport the household waste 
to the dumping site 
2.7 Final Disposal 
Unlike Western countries, waste disposal remains a problem in all the cities of Libya, 
and continues to use the most basic form of landfilling which involves tipping waste 
into large holes in the ground, and no real attention has been paid to constructing 
engineered landfill sites yet. These waste sites are located not far from the major 
cities where most of the country's population is concentrated. Dumping sites do not 
include any form of lining or cover to protect the enviromnent and the public from 
aerial and ground pollution. 
This method of dumping the waste causes a great deal of damage and numerous 
problems to the enviromnent around the city, (EI-Treiki, 2001). These include health 
hazards to the nearby residents through actual contact with waste and inhalation of 
dust and smoke from the burning of waste; enviromnental pollution from smoke; 
enviromnental pollution from leachate coming out of waste, and also health risks to 
municipal workers. For instance, the domestic and industrial waste of Tripoli (Libya) 
is disposed of in three large open dump sites around the city without any kind of 
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protection. Some of these sites are now very close to the residential areas, while 
others are located in the middle of farming land. These sites are: 
1) Sawani site, about 13 Km South West of Tripoli, occupying 20 hectares, 
which is closing down after major environmental problems, such as soil and 
, "c" •• , ••.••.. ' 'groimdwater cOl1tainiiJ.atioh· iind severe air polhition due to- the site bilinirtg. 
2) Tajura Site located 13 km to the East of the city, also closing down due to 
environmental problems (air and water contamination). 
3) Ain Zara Site, about 10 km to the South of Tripoli. Ain Zara is now the 
main dumping site for Tripoli, the biggest site, and still actively receiving 
about 800 tones of waste each day. The height of the waste in this site can 
reach as much as 10 m. As the volume and hazardous nature of waste has 
increased, so the potential for environmental pollution has also increased. 
111 some cases, this has led to serious consequences in terms of groundwater 
contamination and soil pollution surrounding the dumping site. This has led to an 
increased awareness of the potential environmental impact of waste dumping 
activities, and the need for stricter controls. In both developed and developing 
countries, but especially in the developing countries, problems associated with waste 
disposal are expected to increase, either through an increase in population, or as result 
of industrial activities. 
The key points from the above: 
1) The waste management in low income countries are still in their early stage 
of formation, and too much needed to be done in terms of improving the 
waste management 
2) There is an urgent need to control the increased problem of pollution in 
developed countries. Adapting a suitable technique and use of local resources 
are the best way of handling this problem. 
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2.8 Performance assessment and analysis 
2.8.1 Collection, Transportation disposal of waste 
As the collection systems in Libya are generally inadequately managed in the all 
,'. ' cities of the country, waste disposal remains' a problem in all the cities: Projected 
planned for the future will solve the problem in the main cities such as Tripoli and 
Benghazi of the country. In small size cities waste disposal will remain a problem for 
the cities and environment as no serious solution has been taken till now. 
On the other hand, the use of uncontrolled waste disposal sites could contaminate 
soil, ground and surface water, and seawater in some cases. In all cities waste is 
burned in disposal sites. Most of this sites use inappropriate for the disposal site or 
very close to residential areas, thus constituting problems for the environment, and 
public health. 
The uncontrolled tipping sites are the field of informal recycling of material and the 
source of revenue for great numbers of households and constitute serious problems of 
hygienic. 
Managing industrial waste is also neglected in general and the practice of mixing 
solid waste with industrial waste at the same tipping site in all cities is improper for 
environment and local economy. 
2.8.2 Planning and Standardisation 
All the local authorities in Libya do not have a planning approach to solid waste 
management, mainly because of their limited human and financial resources. It is also 
do not have qualified staff for planning. The staff they have is beyond the needs for 
the municipalities, and their capacities are used to organise daily work. Standards and 
regulation for operating solid waste management are not available in, Libya. The 
environmental legislation and regulation applicable to solid waste in local authorities 
are not well applied and in some cases the level of detail of these regulations is not 
adequate and the needed detailed to control are not yet prepared and adopted. The 
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institutional framework needs to be clearer to have more details on responsibilities 
and to avoid situations of conflicts. The public awareness is not well developed as 
well. 
2.9 Key Problem Areas 
",.,' " " "," ", ~ ...... ' ,'.' .. '" ,. .,., , .. ,_ ...... '-. 
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The current problems facing the current solid waste management systems in Libya 
may be summarised as the following: 
2.9.1 Funding Constraints 
• In view of competing priorities, governmental funds allocated for SWM are 
very limited compared to the funding in the other developing countries. 
• The community participation to the actual collection-transportation and 
disposal cost is only marginal. 
2.9.2 Current Use Pattern of Available Facilities 
Efficiency of utilisation of collection (containers, trailers ... etc.) transportation 
(trucks, compactors) is generally low. 
2.9.3 Management and Organisational Aspects 
• Undeveloped SWM plans on both local and national levels. 
• Incomplete organisational structures for proper functioning at various level. 
• Both municipalities and informal systems are operating with virtually no 
coordination. 
2.9.4 Deficiency of Reliable Information 
Currently in Libya, there is a lack of scientific research and information dealing with 
the assessment of the amount of damage that has been done to the environment (air 
and groundwater), and of course, to the general public health. This has resulted from 
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lack of education, ignorance, and poor management. Documentation is generally 
inappropriate and available information lacks accuracy as well as reliability. Data 
regarding characteristics of waste generation, fmancial data are still to be addressed in 
more reliable way . 
• > • .' • ~ 
2.10 Future Outlook 
TIrrough analysis of the present waste management in Libya situation would lead to 
the following perspectives and exceptions: 
• A major focus should be on improving and increasing national scientific 
research to develop waste management facilities and schemes. 
• Adaptation of small covered trucks for small urban communities. Large and 
adequate compacted trucks should be used to transport waste from cities to the 
fmal disposal sites. 
• More importantly the development of low cost landfilling sites using local 
material such as clays for landfill liners. That would be the ideal solution to 
prevent the current pollution problem, and hence protect the environment and 
the ground water from pollution consequences. 
2.11 Environment problems 
2.11.1 Groundwater pollution 
Almost all of Libya's public water supplies come from drilled wells or boreholes that 
draw groundwater from water-bearing rocks called aquifers. Surface water provides 
only a small amount of supplies, as Libya's groundwater is the main water supplies 
for drinking and farming purposes. It has become a precious commodity for Libya 
specifically, and in arid regions in general. These water supplies must be well 
protected from the risk of pollution that is believed to be caused by disposal of waste 
in very large open dumping sites particularly when it is left without any form of 
engineered control system. This practice leads to serious contamination hazards to 
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ground water system in the form of leachate, which escapes into groundwater sources 
or even into surface water. Bell (1998) states that the source of groundwater pollution 
comes from areas with thin soil cover or where an aquifer is exposed. It has been 
reported that ground water supplies in Libya are suffering from groundwater 
pollution. This pollution was detected in many-water wells around the Tripoli_area-
especially near the waste dumping sites (AJ-Traiky, 2000). The very limited data 
available suggests that there has been an impact on groundwater quality in the Tripoli 
area, and it is strongly believe that this pollution of groundwater was caused by the 
wide use of unlined dumping sites. 
There was also another limited investigation conducted by Alghariani (1999), which 
confIrms that the groundwater aquifers, particularly in the Tripoli area has been found 
to be significantly contaminated. Alghariani believes that groundwater contamination 
around Tripoli is due to leachate produced in the unlined dumping site. More 
investigations stilI need to be conducted in order to assess the extent of the 
groundwater aquifer contamination. It is also important to understand the nature of 
the soil surrounding the dumping sites in order to assess the actual risk for the 
surrounding environment. 
Based on the very limited data available, it is suggested that there is an impact caused 
by the uncontrolled dumping of waste. However, it has not been possible to 
quantitatively assess the impact of dumping waste on groundwater quality and hence 
the longer term risk on environment because: 
1- There are no boreholes around the dumping sites that are designed specifically 
for the monitoring of groundwater. This is due to lack of waste management 
in Libya. 
2- Consequently there is an inadequate knowledge of the local hydrogeology and 
hydraulic and aquifer property data required to produce a contaminant 
transport model. 
3- There is no available data about the leachate or gas generation rate in the 
dumping sites. 
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However, once the groundwater supplies become polluted, then the removal of 
pollutants from aquifers is an extremely costly and protracted operation and in some 
cases the aquifers may be irreversibly damaged. Long term improvement of 
groundwater quality can be only achieved by strictly controlling the disposal of 
waste. The. maximum protection oLthe groundwaterand environment can. only be 
achieved by strictly controlling the managing of the disposal of waste. This can be 
achieved by construction and using of fully controlled engineering landfill with 
maximum protection to the groundwater and environment 
2.11.2 Air and Soil Pollution 
As mentioned early that most of the dumping sites of waste in Libya are located in 
farming area. This will lead to the soil contaminations due to the improper use of 
waste disposal without any form of lining systems. 
Soil consists of three phases: solid phase, water phase, and the gas phase. A chemical 
can polluted all three phases of a soil. The pollution can be present in the soil pores as 
pure substance adsorbed on soil particles, as solute in the water phase, or as vapor in 
the gas phase. 
Leachate that generated from this practices may cause infiltration and ion exchange 
through the soil are affected by soil permeability, soil moisture and soil compaction. 
Unfortunately, there are no researches have been conducted by Libyan environmental 
Agency or others to study the extent of the soil contamination, and the therefore their 
consequences on the environment in general. 
In order to control the pollution problem in Libya, engineering landfilllining system 
are urgently needed. The use of clay lining system will be a viable option capable of 
mininmising the leakage of leachate to the groundwater and protect the surrounding 
environment. This is due to the flexibility and simplicity of the technology required to 
construct and maintain clay lined landfill sites in comparison with other widely 
option. 
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2.12 Summary 
This chapter discussed a number of issues related to the Libyan waste management 
system. It has been shown that despite the climate in Libya being dry with about 300 
mm of rainfall annually during winter season, there is widespread groundwater and 
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environmental pollution due to uncontrolled and unmanaged municipal solid waste. 
It has also been found that there is very limited waste quantity and composition data 
available. There is also limited or lack of implementation of waste management plans 
by local authorities. In addition, the local authorities have limited equipment and 
skilled technical labour for waste management and as a result are already struggling 
with collection and disposal operations. 
The availability of cheap natural resources is an advantage to help solve the pollution 
problem by its use in the construction of the fully engineering landfill system. This 
research is trying to study the suitability of these local materials for use as landfill 
liners. 
Furthermore, there is a lack of national regulations and guidelines that can be used for 
landfiIl sites in Libya although; this chapter has introduced a few guidelines from 
different countries around the world that have similar climate conditions to Libya. 
This will help to develop local and regional guidelines that can be consulted when 
landfiIlliners are constructed. 
It is also can concluded that the engineering landfill using the local material such as 
clay soil wills the good option to resolve this problem. This research will focus on the 
use of Libyan local material to be as future landfillliners in Libya. 
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CHAPTER THREE 
LITERATURE REVIEW 
3.1 Introduction 
The disposal of waste to land has been the prime means of waste disposal since the 
evolution of man. For a considerable period of time, the volume of municipal soil 
wastes generated has continued to increase greatly due to the rapid growth of the 
population and their activities. This has led to the urgent need for land specially 
allocated for the purpose of disposal-landfIIl. Even today, the disposal to land is often 
poorly controlled and managed, especially in developing countries. 
This chapter brings together a literature review on the current state of the art in solid 
waste management in Iow-income countries with a focus on waste disposal. Landfill 
lining systems and their uses worldwide are discussed. Various types and aspects of 
landfill liners appropriate for Iow-income countries have been covered. Particular 
attention has been paid to the use of natural clay soil in landfill lining systems, its 
properties and the factors (both physical and chemical) that control the use of landfill 
liners. The literature review concludes that the waste management in the Iow-income 
countries is still need a great attention in order to protect the environment and public 
health from the increasing risk of the pollution. The use of local material to build 
fully engineering landfill will be an ideal option to solve the pollution problem. 
3.2 Solid Waste Management Practice 
The improper management of solid waste is one of the major problems, which all 
countries in the world are facing today. Increase in the population as well as the 
changes in the habits and the way of living, increase in the people income, 
industrialiation and the production of new products have increased the amount and 
the complexity of solid waste generation in all countries (Rushbrook et al. 2001). The 
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establishment of a national regulatory control; program with appropriate legislation, 
regulations, ordinances and licenses is the most important step in the protection of the 
environment and human health. In developed countries where regulatory programs 
are already established, clear improvement in waste management practices has 
occurred while in . low-income countries without any regulatory programs many. 
instances of environmental damage and public health problems (Skinner, 1993). 
It's clear that the mismanagement of waste is major problem in many countries 
around the world, particularly in the low income countries; it needs to be improved 
urgently in order to protect the environment and public health. It is also very 
important to the low income countries to adapt a suitable regulation and guidelines 
that control the waste management industry. 
Solid waste comprises all the wastes generated from human and animal activities that 
are normally useful and are discarded as useless or unwanted (Tchobanoglous, 1993). 
Schubeler (1996) identified four goals of proper solid waste management as: 
1- Protection of environmental health 
2- Promotion of the quality of the urban environment 
3- Supporting the efficiency and the productivity of the economy, and 
4- Generation of employment and income 
The production of solid waste continues to grow dramatically in all courtiers whether 
a developed or developing country is. For example, in 1996 to 1997 around 1.3 
million tonnes of household waste were collected in Wales, UK, the amount of waste 
production in Wales increases by about 3% each year (UKDoE, 1999). This increase 
is due to the increasing number of households and the tendency towards the 
consumption of more packaged food. In USA the generation rate of waste increased 
from 202 million tonnes in 1992 to 210 million in 1995. This shows the increases of 
waste production by 4% increase (Franklin Association 1997). At present, about 70 % 
or 120 million tonnes of waste per year go directly to engineering landfill in the UK 
(DoE, 1995b). For low-income countries, a little attention has been paid to the 
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development of appropriate solid waste management. The increase of the production 
of solid waste is increased and the problem is worse. Unlike its economic growth, the 
level of solid waste management in Libya is stilI left behind. The Libyan government 
is stilI struggling with basics issues of having reliable and consistent data on waste 
.... generation rate,.and its characteristics. The levels of solid waste.storage, collection 
and disposal practice are still very poor (El-Treike, 2002). These concerns over poor 
waste management have led concerted effort by researchers and practitioners alike to 
search for suitable waste management solution. 
In solid waste management, each of the management activities viz. storage, 
collection, transportation and disposal of waste treated in isolation. Thus when a 
problem affecting a particular activity is solved, there remain problems affecting 
other activities, which do not allow successful operation of the entire system. 
3.3 Final Disposal 
3.3.1 Disposal of Solid Waste in developed countries 
The disposal of waste to land can vary from simple dumping in the Iow-income 
countries to highly engineered landfill system in developed countries. Today in most 
part of the world solid wastes are either dumped in open dumps site, sanitary landfiIIs 
or incinerated. As incineration and sanitary landfiIIing are money consuming-both as 
initial investment and during the operation- they are mostly used in developed 
countries, while open dumping that has no cost at all is widely used in developing 
countries like Libya, and others. For example, in the UK. 70 % of controlled waste 
(excluded sewage sludge and dredged spoils) is sent to engineered landfill. For 
example. in 1993 and 1994 in England and Wales. 2784 landfill sites were licensed 
(DoE, 1995b). 
3.3.2 Disposal of Solid Waste in low-income countries 
There is a wide gap between the waste management technology in developing and 
developed countries. In many Iow income countries waste dumping is often the 
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common practice for waste disposal in which little or no control is exerted neither 
over the management of the process nor over the potential environmental impact. The 
use of highly engineered landfill technology is the widest technique that is used in 
most of developed countries, while in low income countries is still far from gain this 
. technology due to the lack ofresearches,.and ignorance.., , . '" , ........ 
About 50% to 70 % of the waste generated in the low-income countries is actually 
collected, the remainder often allowed remaining (and degrading) on the streets and 
in the streams. In most these countries waste dumping is often the commonly 
accepted practice for waste disposal in which little or no control is exerted over the 
management of the process nor 
This situation has given rise of public health hazards and environment pollution. At 
the open dumping sites in the most developing countries, the following features are 
noticed: 
1- Breeding of diseases vectors such as flies, mosquitoes, reptiles and ordents. 
2- Production of malodorous and toxic gases. 
3- Setting fIres to wastes are a means of reducing volume rise to air pollution 
4- Leaching of waste products by precipitation water causing surface and 
groundwater contamination 
It's believe that, in the near future the need for engineered landfIll will be crucial for 
low income countries, and it is essential to control the pollution problems, and protect 
the environment. 
3.3.3 The long term environmental impact 
The poor management of the solid waste in low income countries has lead to severe 
environmental pollution including the possibility of the contamination of the 
groundwater aquifers in many countries,' For example in Libya, Alghariani (1999) 
reported that the groundwater aquifers, particularly in the Tripoli area have been 
found to be signifIcantly contaminated. Dumping of waste in open sites, poorly 
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designed and managed landfill is the principle causes of groundwater supplies. 
Leachate from open dumps or uncontrolled landfills causes large scale, long term 
pollution of water which are used for drinking purposes. The other problem is the air 
pollution due to the waste burning in many low income countries such as Libya. 
Anaerobic decomposition of organic waste materials generate. methane gas whichcan ... ~ .. 
ignite, burn continuously and pose the danger of explosion on dumping sites for very 
long time. 
In practical term, waste disposal in developing countries, especially Libya is not 
using a safe and technical as it used in the developed countries. This is causing wide 
spread pollution to the environment as well as to the general public. This research is 
trying to find a suitable and affordable method of using local resource to construct a 
landfilllining system that can protect the environmental as there is an urgent need to 
built such landfill. 
3.4 Regulations and Institutions 
3.4.1 Introduction 
In the past, little attention has been paid to developing appropriate landfill guidelines 
for developing countries. Most guidelines were based on highly engineered 
techniques used in the west and were not always appropriate to low in come 
countries. 
The landfill regulations that are used around the world are set to provide minimum 
design requirements to ensure that landfills do not harm the environment. These 
regulations differ from one country to another. Liner regulations may specify 
prescriptive or performance requirements, or both. 
Prescriptive standards are expected to provide a minimum level of protection for the 
environment. These standards, however, may also lead over designs or may not be 
sufficient to ensure minimum environment impacts in some cases, Rowe, (1995). 
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Performance standards permit liner system designs to be tailored to site-specific 
conditions, which encourages innovation and ultimately leads to better liner system 
designs and greater protection of the environment than prescriptive standards. 
Generally, there are four main areas of legislative control relating to landfill 
, development: ", . '.' ., 
• The planning system, which controls the development and the use of land in 
the public interest, and affects the choice of site location. 
• Pollution control legislation in corporation waste management licensing and 
measures for environmental protection. 
• Regulations and statutory controls which protect health and safety and ensure 
minimum standards for engineering construction. 
• There are many documents available that assist in the evaluation of potential 
mineral liners, some of which are statutory, others which only provide 
guidelines. 
In this research, finding suitable guidelines to suit Libyan conditions will be one of 
the prime aims. The comparison of different guidelines from different countries 
around the world will be of great help to recommend suitable guidelines for the use of 
Libyan soil as landfill clay liners. The selection of the guidelines will be based on the 
fact that the climate and the type of soil as well as the type of waste. One the main 
factors to take into consideration. Unlike Libya, most western countries have 
regulated their landfill liners by emphasizing the importance of clays as well as 
geomembrane. 
3.4.2 Europe 
The European Union's environmental waste management strategy is based on a 
hierarchy of policy measures. The prevention of wastes being' the fIrst priority; 
recycling of materials and energy should be given second and third priority. The safe 
and final disposals without recovery have only the last priority. 
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Governments of the European Community Member states must maintain their 
effectiveness in ensuring the recognition and enforcement in their own country of all 
binding community legislation comprising Regulations, Directives and Decisions 
(Attewell, 1993). 
'The environmental obligation ofwastemanageniehfcompanies toprevent'polhitioiI is' , 
detailed in the European Community legislation: the Landfill Directive along with the 
Environmental Protection Act (1990), the Control of Pollution Act (1974) and 
guidance for water protection, e.g. the national Rivers Authority's "Policy and 
Practice for the Protection of Groundwater:"(1993). 
The main objective of the EU landfill directive is to ensure high standards for the 
disposal of waste in the European Union and stimulate waste prevention via recycling 
and recovery. Of primary importance is the objective of creating a level for the cost 
of waste disposal which will consequently prevent the unnecessary transportation of 
waste. In member states, the price charged for landfilling today does not appear to 
reflect the actual cost to the environment and society in general. 
3.4.3 United Kingdom 
In the UK, the minimum requirements for mineral liners are set out in the 
"Earthworks on landfill sites" (NWWRO. 1996). Some of these guidelines are re-
iterated in WMP26B (DoE, 1995a) and other guidelines documents but NWWRO 
(1996) gives the full list of specifications that are required to be achieved by a 
mineral liner. This document deals specifically with those issues relating to the 
design, construction and verification of a mineral liner whose ptimary function is the 
control of pollutants arising from wastes in a landfill environment. The following 
paragraphs give a list of specifications that need to be satisfied with respect to 
assessing a potential mineral liner. 
NWWRO (1996) suggests that clays to be used as landfillliners are required to meet 
the following basic criteria 
1) Primary Properties 
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a. Low hydraulic conductivity 
b. Moderate to high shear strength 
2) Secondary properties 
a. Plasticity 
b. Workability 
c. Low shrinkage 
d. Low frost susceptibility 
e. Adequate chemical resistance 
f. Adequate attenuation/retardation capacity 
In addition to the above properties, the minimum requirement also specifies that the 
hydraulic conductivity of the liner must not exceed Ix 10-9 rn/s, that this Iow 
hydraulic conductivity is maintained over long periods of time and that the minimum 
liner thickness is 1.0 m. Expanding the above statement, the main material properties 
are given minimum requirement values which are taken from Daniel (1993) and 
include: 
• Percentage fmes (particles less than 0.075 mm) greater than 20 
to 30% 
• Plasticity Index greater than 7 to 10% 
• Percentage gravel (particles greater than 4.76mm) less than 
30% 
• Maximum particle sizes 25 to 30 mm 
The fmes referred to above are essentially clays (particles smaller than 0.005mm 
exhibiting plastic and cohesive properties) and silts (particles 0.005 to 0.075mm). By. 
using the Daniel (1993) recommended limits they have taken the American Society 
for Testing Material (ASTM) definitions for particle size distribution boundaries 
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between clay, silt, sand and gravel. These definitions differ from those given by the 
British Standards (BS 1377, 1990). 
3.4.4 India 
The Ministry of Urban Development in India produced a comprehensive document 
called "Manual on Municipal Solid Waste Management, 2000". 
The purpose of the Manual is to create: 
• An understanding that municipal solid waste is part of a broader urbanization 
problem; 
• An awareness of the need for competent management of municipal soil waste 
in urban areas; 
• An understanding of various systems available for collection, transportation, 
recycling, resource recovery and disposal; 
• An approach to preparing municipal solid waste management plans in the 
light of the potential problems and issues which may become apparent during 
project development; and 
• To provide operational guidelines for the efficient municipal solid waste 
management systems. 
The Indian document states that the following specifications are required for landfill 
liners in India: 
• Hydraulic conductivity of 10-9 mlsec or less; 
• Thickness of 1 m or more; 
• Absence of shrinkage cracks due to desiccation; 
• Absence of clods in the compacted clay layer; 
• Adequate strength for stability of liner under compressive loads as well as 
along side slopes; and 
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• Minimal influence of leachate on hydraulic conductivity. 
In addition to the above specification, the following criteria proved to be suitable for 
liner construction: 
• Percentage fines 
• Plasticity Index 
• Liquid limit 
• Clay contents 
40 to 50% 
10t030% 
25 to 30% 
18 to 25% 
It is also recommended that detailed laboratory tests and some field trial tests are 
carried out prior to liner construction to establish that the requirements pertaining to 
permeability, strength, leachate compatibility and shrinkage are met. 
3.4.5 South Mrica 
South Africa has developed a unique, graded approach to landfill standards, whereby 
factors such as the size of the landfill and the ambient climatic conditions determine. 
The objective of the South African's Minimum requirements (2001) is to ensure that 
the most cost-effective means are used to protect the environment and public health 
from the adverse impacts of waste disposal. In this document the requirements for 
providing a liner are based primary on the size and location (defined in terms of 
climatic variables) of the landfill. This factor is defined in terms of simple water 
balance, with the leachate generating potential being evaluated by the difference 
between precipitation and evaporation. Factors such as the storage capacity of the 
waste, runoff and capillary moisture movement are ignored, usually resulting in a 
conservative estimate of leachate generation potential. 
The Minimum Requirements document states the following criteria: 
• Clay liner thickness of 300 mm to 1200 mm, depending on the factors such as 
daily rate of deposition of waste at the site and the waste classification. 
• Hydraulic conductivity ranging from 10-8 mlsec to 10-9 mlsec. 
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• Minimum Plasticity Index of 10 % and maximum that will not result in 
excessive desiccation cracking. 
• The maximum of the liner material particle size must not exceed 25 mm. 
In addition, the following supplementary information is required: 
• Full particle size analysis (sieve and hydrometer test). 
• Double hydrometer test. 
• Atterberg limits 
• Shear strength tests in terms of effective stresses on soil compacted at Proctor 
optimum water content to Proctor maximum dry density. 
• Permeability measurements are also required on saturated soil. 
The main advantage of using South Africa's guidelines in this research rather than 
Indian or UK guidelines is because the potential for leachate production can be 
assessed by means of climatic index. It has been well established that whether a 
landfill will regularly generate 1eachate, or not, depends on the climate in which the 
landfIlI is situated. The effect of climate can be quantified by the water balance for 
landfill. The water balance compares the quantities of water entering the landfill as 
part of the refuse and as infiltrating rain, with the quantity of water stored in the 
landfIll refuse, and leaving the landfill as evaporation or evapotranspiration. In cases 
where leachate is only occasionally produced, it is possible to reduce the standards 
required for the landfIll. 
It can be concluded that as the production of solid waste is increasing dramatically in 
low in come countries. The waste management practice is still needed more effort to 
improve it. These will include the improvement of the techniques of waste collection, 
transportation, and finally disposal. 
Open site dumping of waste in low-income countries is causing severe environmental 
pollution, posing risks to groundwater resources as well as to public health. The lack 
46 
r 
of regulations and guidelines are also important in terms of forming a suitable waste 
management practice. 
This research is attempting to investigate the suitability of the local material that can 
be used in the construction of engineering landfill as final option instead of presently 
practiced cured dumping. 
3.5 Landfill Engineering 
3.5.1 Introduction 
In order to protect the enviromnent and water supplies from the risk of contamination 
by pollutants that can be caused by dumping of solid waste in open sites. Engineered 
landfills are a widely used technique of waste disposal in many countries around the 
world. According to Ali et al. (1999), an engineered landfill is a fully engineered 
disposal option. It avoids the harmful effect of uncontrolled dumping by spreading, 
compacting and covering the waste on land that has been carefully engineered before 
use. Through careful site selection, preparation and management, operators can 
minimise risks from leachate and gas production both in the present and the future, as 
shown in Figure 3.1 
The modem and fully engineered landfill is designed to contain both the waste and its 
products of decomposition until they become sufficiently stable and inert to cause no 
significant risk of harm to human health and the enviromnent. This can be achieved 
by the following mechanisms: 
(1) Isolation of waste through containment; 
(2) Elimination of polluting pathways; 
(3) Controlled collection and treatment of products of physical and biological 
changes within a waste dump- both liquid and gases; and 
(4) Enviromnental monitoring until the waste becomes stable. 
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3.1 Engineered landfill (Ali et al. 1999) 
The fully engineered landfill site must be geologically, hydrologically, and 
environmentally suitable. The most important requirement of a landfill is that it does 
not pollute or degrade the surrounding environment. This requirement is achieved by 
both careful sitting and by proper design and construction of suitable liners. 
Engineered landfill sites usually have liner systems and leachate collection systems. 
3.5.2 Landfill Engineering Components 
There are essential components of an engineered landfill: 
1) Bottom and lateral side liner systems that prevent migration of leachate or 
gas to the surrounding soil and groundwater supplies. 
2) A leachate collection and control facility, which collects and extracts 
leachate from within and from the base of the landfill and then treats it. 
3) Gas collection and control faciliiies, which collects and extracts gas from 
within and from the top of the landfill and then treats it or uses it for energy 
recovery. 
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4) A final cover system at the top of the landfill which enhances surface 
drainage, prevents infiltrating water and supports surface vegetation. 
5) A surface water drainage system that collects and removes all surface runoff 
from the landfill site. 
"'. 
6) An environmental monitoring system that periodically collects and analyses 
air, surface water, soil-gas and groundwater samples around the landfill site. 
7) A closure and post-closure plan which lists the steps that must be taken to 
close and secure a landfill site once the filling operation has been completed 
along with the activities for long-term monitoring, operation and 
maintenance of the completed landfill. 
There are two major pollution problems resulting from uncontrolled waste disposal; 
leachate and gas. 
3.4.2 Leachate Generation 
Leachate is a complex liquid generated from infiltration of rainwater and surface 
water into dumping waste and its percolation through deposited waste as well as by 
squeezing of the waste due to its own weight. The presence of water allows further 
biological and chemical reactions to occur producing leachate and landfiIl gases. The 
source of percolation of water could be precipitation, irrigation or, ground water, and 
it plays a significant role in leachate generation. Xuede, (2002) noticed that even 
when no water is allowed to percolate through the waste, a small of volume of 
leachate is always expected to form due to biological and chemical reaction. Leachate 
changes its characteristics as it passes from the early acetic stage of young leachate to 
the methanogenic stage of older leachate, Rowe (1995). It is a contaminated liquid 
that contains a number of dissolved and suspended materials. The composition of 
leachate is a function of the age and types of waste deposited the prevailing physico-
chemical conditions, the microbiology and the water-balance of the landfill. From a 
small-scale study, Robinson (1989) proposed that household waste leachates are 
reasonably consistent in composition from site to site. Leckie et al. (1979) reported 
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some of the most relevant factors that influence leachate production. These factors 
are: annual precipitation, runoff, infiltration, evaporation, transpiration, temperature, 
waste composition, waste density, initial moisture, and depth of the landfill. 
The leachate is a highly mineralised mixture of inorganic and organic compounds 
. consisting of four groups of pollutants (Christensen et al. 1994): ' 
Dissolved organic matter expressed either as chemical oxygen demand (COD) or 
total organic carbon (TOC); it includes methane and volatile fatty acids (VFAs) 
Anthropogenic organic compounds derived from industrial and household waste, e.g. 
aromatic hydrocarbons and phthalate esters. 
1) Inorganic macro components, e.g. calcium, sodium, potassium, chloride, 
ammonium. sulphate and bicarbonate. 
2) Heavy metals, e.g. chromium, copper, nickel, lead, manganese and 
cadmium. 
Some of these components if present in sufficient quantity are either toxic, 
carcinogenic, or both. 
3.4.3 Gas Generation 
The other important landfill product is landfill gas; the landfill can produce 
tremendous quantities of gas during its decomposition. Landfill gas generation is a 
biological process in which micro-organisms decompose organic waste to produce 
carbon dioxide, methane, and other gases (Xuede, et aI., 2002). Landfill gases occur 
in several phases, as shown in Figure 3.2. Initially, the distribution of gases in the 
landfill is representative of the distribution of gases in the atmosphere- about 80% 
nitrogen and 20% oxygen, with some carbon dioxide and other compounds. 
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Phase I n III IV V 
Figure 3.2 Phases in landfill gas generation (UKDoE, 1993) 
Problems that can be expected with the production of landfill gases are fires in and 
around dumping waste, explosion, unpleasant odours, health risks to the public and 
an adverse effect on vegetation, particularly on reclaimed land. The monitoring of the 
gas within the site, both vertically and laterally is very important and several 
measures are available for the control of the gas. The typical range of gases which 
make up landfill gas can be seen in Table. (3.1). 
The ability of waste to generate gas depends on many factors including waste 
composition, moisture content, waste, particle size, age of waste, pH, and 
temperature. Moisture content is probably the most important parameter influencing 
the breakdown of waste, primarily because it provides a medium for microbial 
activity and a means for nutrient and microbial movement through the solid refuse. 
(DoE, 1986). 
Temperature also influences the rate of decomposition. The optimum temperature for 
anaerobic decomposition is about 30 to 40°C, not normally achieved in. shallow 
landfills. In deeper landfills however the temperature can rise to 60°C, with 40 to 45 
°C being maintained during the first five years (UK DoE, 1986). Methane can 
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explode when its concentration in air is between 5 and 15% but the presence of 
carbon dioxide will modify these explosive limits, Attewell, (1993). 
Component Percent ,.~, ... ,-
Methane 45 to 58 
Carbon dioxide 35 to 45 
Nitrogen <1 to 20 
Oxygen <1 to 5 
Hydrogen < 1 to 5 
Watervapor < 1 to 5 
Trace Constituents < 1 to 3 
Table 3.1 Range of typical Landfill Gas Composition (EMCON, 1998) 
3.6 Landfillliners 
Currently, there are six types of landfill lining system in use worldwide. These 
engineering lining systems are all used to prevent the seepage of a potential pollutant 
in a waste into the surface water, groundwater aquifer and surrounding environment. 
They are classified into the groups described in this section: 
• Natural clay/mineralliners 
• Composite liners 
• . Geometnbranes 
• Asphalt liners 
• Geosynthetic clay liners 
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3.5.1 Natural Clay- Mineral Liners 
Typically, clay liners are used at the bottom of a landfill site to provide protection for 
the surrounding areas and groundwater from contamination by leachate. In general, a 
liner system consists of both a geomembrane and a natural clay liner. Although the 
geomembrane is an absolute barrier against advection, leachate can permeate it by 
diffusion. Furthermore, leakage may occur through the liner when there are holes or 
pinholes in the geomembrane (Giroud et.al., 1989). The final barrier to prevent 
pollutant migration will, therefore, be the natural clay liner. 
The landfill liner typically consists of a compacted clay liner over the native 
foundation soil (Figure3.3). According to Daniel (1993), low hydraulic conductivity 
soil liners are given varions names, including soil liner and clay liner. The term clay 
liner is used more often than soil liner even though other components in the material 
(e.g., sand) may be present in larger quantities than clay. 
Gravel 
Clay liner 
Perforated pipe 
Native foundation soil 
Figure 3.3: Cross section shows clay liner system for a landfill site (Das, 1998) 
The most important characteristic of a clay liner is the property of sorbing certain 
anions and cations and retaining these in an exchangeable state; i.e., these are 
exchangeable for other anions and cations by treatment with such ions in a water 
solution (Grim, 1953). The studies by Peter (1993) have shown that natural clay 
bedrocks are little affected by landfiII leachate, and heavy metals are immobilised in 
the upper layers. Therefore, not only do clay liners have the Iow permeability 
required for preventing the leachate reaching the groundwater, they also have the 
ability to dilute the strength of the leachate through ion exchange while it percolates .. 
through the clay. The thickness of the compacted clay liner varies between 0.9 to 1.8 
m with a hydraulic conductivity of less than 10-9 mls (Das, 1998). Daniel (1993) 
states that almost all-national and international legislation requires permeability as 
Iow as 10-9 mls to be achieved in the liner, and this will usually mean a minimum 
plasticity index of between 7 and 10%. 
According to Y ong (1998), the most suitable clay soil types for a liner are those 
which possess the following characteristics: high cation exchange capacity, large 
specific surface area and the presence of surface functional groups that interact with 
both organic and inorganic ions. Daniel (1993) recognised that the term clay is 
emphasised because clay minerals are largely responsible for the Iow hydraulic 
conductivity of the liner, which is explained later on in this chapter. 
Compacted clay is widely used for lining landfills and impoundment in an effort to 
isolate hazardous and other types of waste materials from the surrounding 
environment (Broderick and Daniel 1990; Daniel and Benson 1990). Seymour (1992) 
states that a liner system may be required to: 
• Prevent the escape of leachate to groundwater or surface water; 
• Prevent the ingress of groundwater, which would otherwise lead to excessive 
leachate production and/or the site overtopping; 
• Control the migration of landfill gas. 
Peirce et. aI, (1986) suggest that soils used for landfill liners be analysed for particle 
size distribution, compaction, and hydraulic conductivity. 
Daniel (1987) also suggests that the single most important characteristic of a clay 
liner is its hydraulic conductivity. If a clay liner is to function properly, it must have a 
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low hydraulic conductivity. Daniel and Benson (1990) mention that the successful 
design and construction of soil liners involves many facets, e.g., selection of 
materials, assessment of chemical compatibility, determination of construction 
methodology, analysis of slope stability and bearing capacity, evaluation of 
.. subsidence,.consideration of environmental. factors such as. desiccation, . .and 
development and execution of a construction quality assurance plan. 
Attewell (1993) mentions that, in addition to its resistance to water penetration, the 
clay liner must also possess suitable erosion resistance, a heavy metal absorption 
capacity related to its clay mineral or organic matter content, and be not unduly 
responsive to potential swelling and shrinkage conditions. 
Elliott and Watkins (1997) subjected Kaolinite to laboratory tests to assess its 
potential use as a mineral liner for landfillleachate containment in southern England. 
The most important geotechnical parameters satisfied the minimum requirements for 
mineral liners. These include a hydraulic conductivity of less than 10-9 mfs, particle 
size distribution greater than 50% clay particle size (less than 2 J.lll1), void ratio and 
soil structure, mineralogical composition of the soil and the nature and temperature of 
the permeating fluid. These parameters were set out by the UK Waste Management 
Paper 26B, (1995). The results have shown that kaolinite-containing clays have the 
potential to form a suitable mineral liner to assist in the containment of landfill 
leachate. 
In order to be able to construct a mineral liner a suitable supply of low permeability 
material must be available either on the site or within an economically viable haulage 
distance. In Libya, clays occur in large quantities not far from the major cities where 
it is expected that an engineered landfill would be built. This advantage would reduce 
the cost of transportation of the clays to a low level, and provide a reliable natural 
resource for the landfill industry in Libya .. 
The main advantage of using a mineral liner in the landfill is that it can reduce the 
risk of environmental pollution and protect the groundwater resources. It can be used 
as a primary liner or a secondary layer in a composite geomembrane. Mineral liners 
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do leak but generally at a very low rate; it should be recognised that leakage rates will 
be higher than design rates (DoE, 1990). A minimum thickness is specified as there is 
a certain thickness that can be constructed with confidence and surfaces can become 
defective through desiccation and mechanical damage. The thickness is dependent on 
.... , .•. the quality and, consistency. of the clay; the .. risk ,of. pollution and the.method.of .....• 
construction. 
3.5.2 Soil Bentonite Liner 
Bentonite is a soft stone, consisting of the clay mineral montmorillonite, which was 
formed as a deposit of volcanic ashes at shallow wet sites, mostly during the 
Cretaceous and Tertiary periods. Bentonite clay was studied as early as 1896 and is 
widely used in drilling muds for oil wells and as a hydraulic seal for water wells. The 
most important property of bentonite in landfill liners is its ability to swell, thereby 
sealing cracks in the liner (Cowland and Leung 1991). They also stated that the 
swelling characteristics of bentonite are essentiall y related to whether it is formed 
from sodium montmorillonite (highly swelling) or calcium montmorillonite (less 
highly swelling). Hoeks et al. (1987) noted that the water adsorbing capacity of 
calcium (or European) bentonite could be raised considerably by activation with 
sodium ions. An activated bentonite is formed by substituting the calcium ions by 
sodium ions thus increasing the materials activity and swelling behaviour. 
Fang and Evans (1988) conducted experiments to find out the effects on the physical 
properties of a bentonite-amended mineral liner using leachate instead of water. They 
found that the leachate had a considerable effect, particularly on the liquid limit of the 
mixture. This effect became more pronounced with increasing bentonite content. 
Chapuis (1990a) states that to design a soil-bentonite liner, it is necessary first to 
select a soil and a bentonite and then to perform permeability tests to find the 
bentonite content yielding the appropriate degree of imperviousness. 
Evans et al. (1988) evaluated four liner materials, including bentonite and organically 
modified clay, with respect to contaminant transport and use in a composite liner 
system. The composite liner included bentonite, zeolites, organically modified clays 
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and fly ash. These researchers found that composite liners reduced the rate of 
diffusive transport and increased adsorptive capacity; it was suggested that adsorption 
isotherms be used to correlate sorption capacity to liner performance. Liners are 
contaminant specific and therefore site specific. 
, " -", ,'" 
3.5.3 Geomembranes 
Geomembranes are defined by the ASTM as very Iow permeability synthetic 
membrane liners or barriers used with any geotechnical engineering related material 
so as to control fluid migration in a man-made project, structure or system. 
Geomembrane systems are relatively easy to install and are relatively strong with 
good deformation characteristics. Attewell (1993) states that geomembranes, usually 
0.5 to 2 mm thick, have a long-term chemical resistance with a hydraulic conductivity 
of 10-15 mls. The disadvantages of using geomembranes are that they suffer from 
being slightly permeable to some chemicals, they can be relatively easily punctured, 
they have little or no attenuation capacity, and their long term performance in landfill 
sites is not fully proven. Westlake (1995) states that impermeable/flawless seams 
between adjacent sheets of material can be difficult to achieve, especially in 
unfavourable conditions, and good quality assurance is a vital element of landfill 
construction, especially when using geomembrane liners. The other disadvantage of 
using geomembranes stated by Westlake (1995) is the expansion of polyethylene due 
to temperature, tears and puncture during the lining process. Giroud and Bonaparte 
(1989) independently evaluated leaks in geomembranes. They concluded that one 
defect per 10 m of seam can be expected for a geomembrane installed without 
independent quality assurance and that an average of one defect per 300m of field 
seam can be expected with reasonably good installation practice and independent 
quality assurance. For typical panel widths, seam defects are likely to result in 3 to 5 
leakslha with good quality assurance. 
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3.5.4 Geosynthetic clay liners 
A geosynthetic clay liner (GeL) consists of a thin layer of clay sandwiched between 
two geotextiles or glued to a geomembrane. GeLs may supplement required 
components in waste contaimnent units or, as proposed by some, replace all of the 
low' hydraulic" 'conductivity compacted-soil liner (Daniel and Koemer; 1991)." 
According to Estomell and Daniel (1992), several GeLs have been developed and 
proposed as an alternative to clay liners over the past few years. All the GeL's 
contain approximately 5kgl m 2 of bentonite. The materials are manufactured in 
panels with widths of approximately 4 to 5 m, lengths of 25 to 60 m and a thickness 
of 2 to 4mm. The panels are placed on rollers at the factory, stored, shipped to the 
construction site, and unrolled in their final location. The panels are overlapped 75 to 
225 mm during installation and are said to be self-sealing at overlaps between panels. 
Daniel (1993) states that when water hydrates the clay in the GeL, the clay swells 
and automatically seals the overlap created during emplacement. The disadvantage of 
using GeL as a landfillliner was summarised by Shan and Daniel (1991): 
• The material must be covered before it hydrates; 
• Experience with the material is limited; 
• The shear strength of hydrated bentonite is low; the thickness of the 
blankets makes them vulnerable to damage by puncture; 
• The bentonite may be attacked by chemicals; and 
• The thin blankets may be vulnerable to damage if exposed to wet/dry or 
freeze/thaw cycles. 
3.5.5 Asphalt liners 
Asphaltic concrete liners were first recognised as a suitable lining material in the 
early 1970's, and began to be used as an alternative lining material for waste disposal 
sites (in Europe and the USA). 
Asphaltic concrete is a bituminous sealing system that is typically composed of the 
following: 
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• 8% bituminous binding agent 
• 6% sand 
• 6% filler 
• 80% hard stone aggregate 
The material is laid on a granular stabilisation layer and is commonly between 150 
.. ~. , 
and 300 mm thick (Elliott, 1997). According to Muller (1966) bitumen is resistant to 
virtually all salt solutions and, up to medium concentrations, to inorganic acids and 
alkalis. Exceptions to this are oxidising acids and alkalis, for example nitric acid or 
bleaching liquor, which can only be resisted for long periods in low concentrations. 
Arrand et al. (1992b) concludes that on the basis of decades of experience the 
chemical resistance of asphalt has to be considered an established fact. Experience of 
the resistance of asphalt layers is based in the first instance on the use of asphalt in 
earthworks and hydraulic engineering, which differ from landfill construction and 
where aggressive media do not play an important role. Haas (1989 and 1990) claims 
that there are organic solvents, which attack the binder. However, it has been 
determined in landfill practice that there are neither sufficient volumes of solvent per 
m
2
, sufficient periods for the solvents to attack, nor any possibility for the dissolved 
binder to be transported away to represent a serious threat to the asphalt layer's 
barrier function. For example, a 10 mm thick asphalt barrier would require 75 1/ m2 
of solvent to dissolve out the bitumen. Tests lasting 72 hours using concentrated 
sulphuric acid only produced an attack 1 mm deep. Ryser (1993) stresses the 
excellent imperviousness of the asphalt for landfills linking the sealing properties 
with the following asphalt properties: 
• High binder content with sufficient viscosity 
• 6 to 8 % "soft to medium hard" bitumen 
• Low pore content (1.5 to 3%) 
• Good visco-plastic properties 
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3.5.6 Composite liners 
Daniel (1993) suggests that a composite liner overcomes the major problem of 
occasional defects with a single geomembrane liner. If there is a hole in a 
geomembrane liner; liquid will easily move through the hole. With a soil liner alone, 
. seepage takes place over the· entire area of the liner. With a composite liner, liquid 
moves easily through any hole in the geomembrane but will then encounter low 
permeability soil, which impedes further migration of the liquid. By using the 
geomembrane in conjunction with mineral liners, many of the disadvantages of each 
can be overcome and an effective barrier can be achieved. Westlake (1995) mentions 
that such composite systems utilise the very low permeability of the geomembrane, 
and the attenuation properties of the mineral liner, and minimise any harmful effect 
that would arise as a result of damage to the geomembrane. 
Rowe et al. (1995) suggest that there are situations where the type of waste, landfill 
size, local hydrogeology and geotechnical conditions are such that the natural soil 
liner alone is not sufficient to prevent unacceptable contaminant impact at some time 
in the future. In these cases, an appropriate design involving a geomembrane as part 
of a primary (and if necessary, secondary) composite liner may provide a cost 
effective means of gaining the environmental protection required. 
3.5.7 Discussion 
It is common knowledge that current landfilllining systems are all based on isolating 
the surrounding environment and groundwater resources from contamination by 
leachate at the bottom and lateral sides of a landfill site. In general, a lining system 
consists of a geomembrane and a natural clay liner. Although the geomembrane is an 
absolute barrier against advection, leachate can still permeate by diffusion. 
Furthermore, leakage may occur through the liner when there are holes in the 
geomembrane (Giroud, et ai, 1989). The use of geomembrane systems in Libya is not 
affordable at the present time. This is because the technique needs highly trained 
human resources, which are very limited in Libya at the present time. Also they can 
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be easily punctured, and tom. Geomembranes are also expensive to import in 
comparison with available local resources such as clay. 
Expansion due to high temperatures is a problem in Libya because throughout most 
of the year the temperatures are high. This is will cause a problem with using asphalt 
liners. On the bther hand, the use of GeL in Libya for hindfill lining would also be 
very difficult, as it needs a level of experience in construction which is not available 
in Libya at the present time. Furthermore, it can be easily damaged by puncture, and 
is not resistant to chemical attack. 
As mentioned above the special situations of climate and hydrology where the 
composite liners are mainly used do not exist in Libya, as Libya is mainly dry, and 
hot during summer time. For these reasons there is no need for such liners to be built 
in Libya. 
The appropriate lining system that can suit Libyan conditions will therefore be a 
natural clay liner which, if carefully installed, will prevent leachate migration and 
prevent the desiccation and cracking that may happen in hot, dry climates and which 
can increase the hydraulic conductivity of the liner. Some of the methods currently 
used around the world to protect compacted clay liners include the use of 
geomembrane covers, spraying the liner with bituminous sealers or covering the 
completed liner with another layer of soil. In order to assess the suitability of the local 
material to function as a good landfill liners there are a set of physical and chemical 
properties that should be experimentally addressed. These experiments are discussed 
in the following sections. 
3.7 Soil suitability for mineral clay liners 
In order to assess the suitability of the clays to act as an ideal engineering lining 
system for la?dfill sites, the following set of ideal clay liner properties need to be 
addressed experimentally. 
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3.7.1 Low hydraulic conductivity 
Low hydraulic conductivity is a primary criterion for choosing clay as a major 
component of waste containment lining systems for landfill sites in all regulation 
agencies around the world. whether located in dry or wet climates. 
Sarsby and Williams (1993), Rowe et al. (1995) and many others recommend a 
hydraulic conductivity of 10-9 mls or less after compaction, which gives a practically 
impervious material. According to Daniel (1993), almost all-national and 
international legislation requires that a hydraulic conductivity of as low as 10-9 mls 
be achieved in the landfill clay liner. 
Lambe and Whitman (1979) identified the five important factors that influence the 
hydraulic conductivity of soil: particle size, void ratio, composition, fabric, and 
degree of saturation. Most of the empirical formulae developed to predict hydraulic 
conductivity consider only the first two factors and ignore the last three. This is one 
of the reasons that engineers rely heavily on actual measurements as an aid to landfiIl 
design (Oakley, 1987). 
As stated previously, the clay liners must achieve and maintain a low hydraulic 
conductivity. J ames et al. (1999) stated that much care must be taken in choosing the 
material and in constructing the liner in a way that achieves and maintains a low 
hydraulic conductivity. Mohamed et al. (1998) reported that the hydraulic 
conductivity might vary considerably for a particular soil, and can be greatly affected 
by placement conditions, construction method and post construction method changes. 
3.7.2 Diffusivity 
The contaminant migration through clay liners is by advection, molecular diffusion, 
and dispersion. However, the effect of advection is negligible, and pollutant 
migration through clay liner systems is driven by the chemical gradient across the 
liner (Mitchell and Jaber, 1990). In a well-designed and constructed clay liner, 
molecular diffusion may be the dominant transport mechanism across the liner if the 
hydraulic conductivity is very small. Shackleford, (1988) states that molecular 
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diffusion is independent of hydraulic gradient and can result in release of 
contaminants from a landfill site, even if the hydraulic flow is towards the inside of 
the liner. 
3.7.3 Ductility 
Anderson et al., (1984) studied the cracking of clay liners, and found that cracking 
initiation as a result of desiccation corresponds to an average soil suction of 6 kPa. 
Mohamed, et al., (1998) state that all cracks of clay liners appeared to close with the 
advent of winter rain. They added that once the cracks in liners formed they 
continued to persist in spite of their apparent closure at the surface. Mitchell et aI., 
(1990) report that clay liners must be sufficiently ductile to prevent cracking from 
desiccation, from differential settlement below the facility, or from interaction with 
leachate or impounded liquid. 
3.7.4 Strength 
The literature review has shown that little attention has been given to the mechanical 
stability of the compacted clay layer on slopes. The compacted clay strength must be 
adequate to maintain the stability of the liner system on the side of slopes on the site. 
The sliding along the interface between the clay and other components of a lining 
system (e.g. geomembrane) can be very low, Mitchell et al., (1990). Low interface 
resistance may have contributed to the stability failure for a large hazardous waste 
landfill in California (Seed et al., 1990). 
3.7.5 Constructability 
Mitchell, et. aI., (1990) report that a clay liner should be constructed using a soil that 
can be processed and compacted to the specified uniformity, dry density, and 
moisture content without excessive difficulty. Adequate trafficability on top of both 
the uncompacted and compacted material should be considered. 
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3.7.6 Long term stability 
As the landfill site is expected to contain waste for many years, the long-tenn 
stability of a clay liner will be of major concern. (Mitchell, et al., 1990) state that the 
long tenn mechanical instability of a clay liner due to creep in the clay or along the 
. interface between the clay and other components of the liner system is' a possibility 
that should be considered. However, the major long-tenn concern for clay liners is 
their chemical compatibility with leachate or impounded liquids. It is important that 
the organic and inorganic compounds found within the leachate do not interact with 
the clay in a way that adversely affects its perfonnance. 
3.7.7 High Attenuation Property 
Clay liners attenuate chemicals to varying degrees by lowering pollutant 
concentrations as the fluid passes through the materials. The greater the distance of 
travel, the lower is the expected concentration. 
Chemical attenuation processes include adsorption, precipitation, biological 
processes, redox reactions, acid-base reactions, plus complex fonnation and chelation 
(Dunn, 1983 and Mitchell and Jaber, 1990). Some of the processes, such as 
adsorption, will only retard pollutant release to the environment until equilibrium is 
reached in the soil. Other processes, such as biological clogging and precipitation, 
may lead to a decreased pore size within the clay and thus to a decrease in hydraulic 
conductivity with time. 
3.8 Factors affecting Properties of Clay Liners 
The evaluation of a landfill clay liner for suitability and perfonnance are usually 
based on the measurement of specific features. These include hydraulic conductivity, 
flexibility and strength. There are a large number of factors that may influence these 
properties. These factors are described below. 
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3.8.1 Composition 
The composition of a soil determines the possible range of its properties. In order to 
obtain a clay liner that will perform satisfactorily, i.e., be stable and have a hydraulic 
conductivity of lxlO-9m!s or less, the material used to construct the liner must be 
chosen carefully. Mitchell and Jaber (1990) recommend for liner 'construction a'soil 
that has: 
• >20 % fines, 
• <10% gravel size 
• No chunks> 25 to 50 mm diameter (Goldman et al. (1988) 
• 10<1'1<30 to 40, where PI is the plasticity index. 
Well-graded soils are easiest to compact to high densities with a uniform distribution 
of small pores. If the plasticity index (PI) is larger than 40 %, the material becomes 
sticky when wet and may form large clods. 
The soil mineral types determine potential ranges of soil properties, including 
plasticity, shrink-swell, adsorption, ion exchange, and flocculation-deflocculation. 
Clay minerals are the most important in relation to the attainment and maintenance of 
low hydraulic conductivity, durability and long-term stability. Studies performed at 
Comell (Lambe and Whitman, 1969) show the effect soil composition has on 
hydraulic conductivity at various ratios. Smectite (montmorillonite) might at first 
seem to be the ideal clay mineral for use as a liner material. However, the very high 
plasticity and water holding capacity of expanded smectites makes them susceptible 
to collapse when exposed to chemicals of various types. This collapse could lead to 
an increase in hydraulic conductivity. Thus, non-expansive illitic and kaolinitic clays 
may be preferable in many cases. 
In general, the smaller the clay mineral, the larger the role adsorbed water plays in 
volume occupation in the soil composition (Figure 3.4). 
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Adsorbed Water 
Montmorillonite crystal 
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Kaolinite crystal 
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Figure 3.4 Typical Clay Minerals Sizes (Oakley, 1987) 
According to James et al (1999) the soil minerals that may be soluble in the 
chemicals from a waste containment facility should not be used in liner construction. 
Change in clay structure may be due to cation exchange or to replacement of 
adsorbed water by percolating organic fluids. Depending on the cation (sodium, Na +, 
calcium, Ca2+, etc, attracted to negative charges) and clay minerals, these cations 
occupy the spaces between the clay mineral layer sheets. The net electrical forces 
between these sheet faces are thus affected by the concentration and valence of 
cations in absorbed water. An increase in cation concentration or cation valence (e.g. 
replacement of Na+ with Ca2+) will result in decreased net repulsive forces. This will 
cause clay particles to flocculate and increase the hydraulic conductivity compared 
with a dispersed clay structure (Figure 3.5). 
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Figure 3.5 Clay Mineralogy and Exchangeable Cations (Yong, et aI., 1975) 
3.8.2 Placement Conditions and Construction Effects 
The placement conditions and the details of construction of a clay liner determine the 
fabric and the structure of the compacted clay and, therefore, its actual properties, 
including hydraulic conductivity and strength. As noted by Mitchell and Madsen 
(1987), two levels of fabric may be important when dealing with fme-grained soils as 
liners to the flow of chemicals: 
(i) The microfabric consists of the regular aggregations of particles and the very small 
pores between them through which little fluid will flow. 
(ii) The minifabric contains these aggregations and the inter-assemblage pores 
through which flows will be much greater than through the intra-aggregate pores, 
since the hydraulic conductivity varies with the square of the pore radius. Root holes, 
laminations, etc; may have a flow rate which is so great in comparison with the other 
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flo.ws as to. largely o.bscure them. Placement co.nditio.ns and co.nstructio.n pro.cedures 
must be specified and implemented in a way that eliminates the effects o.f the 
macro.fabric and minimizes tho.se o.f the minifabric. A high-density liner with unifo.rm 
small po.res co.mpo.sed o.f no.n-shrinking so.il makes it difficult fo.r particles to. mo.ve o.r 
cracks to. fo.rm. Such a liner is expected to. stabilise in the lo.ng-term, unless .so.lutio.n .. 
o.ccurs. The facto.rs that co.ntro.l the fabric o.f co.mpacted clays and therefo.re its 
properties are: 
i. Po.re size distributio.n 
ii. Mo.isture co.ntent and density 
iii. Co.mpactio.n metho.ds and effo.rt 
iv. Desiccatio.n 
3.8.2.1 Pore Size Distribution 
The structure o.f co.mpacted clays has the fo.llo.wing two.: 
-Micro.po.res: Arrangement o.f clay mineral particles in single aggregates. 
-Macro.po.res: Arrangement o.f aggregates. 
Benso.n and Daniel (1999) propo.sed that during so.il processing and co.mpactio.n, 
clo.ds and interclo.d po.res co.ntro.l the hydraulic co.nductivity o.f co.mpacted so.il. To. 
achieve lo.w permeability they co.ncluded that it is necessary to. destro.y the clo.ds, 
either by wetting the so.il at higher mo.isture co.ntent (to. so.ften the clo.ds fo.r 
remo.ulding) o.r using a large co.mpactive effo.rt. Sharma and Lewis (1994) co.nclude 
that at the micro.po.re level, a flo.cculated structure yields a higher value fo.r hydraulic 
co.nductivity 'k' than fo.r a dispersed structure 
3.8.2.2 Moisture content and density 
Mo.isture co.ntent and dry density values can greatly affect aso.il's ability to. restrict 
the transmissio.n o.f flo.w. Generally, placement co.nditio.ns that result in a high dry 
density and mo.isture co.ntent wet o.f o.ptimum lead to. the lo.west values o.f hydraulic 
co.nductivity, Figure 3.6 (Mitchell et a1.1990). 
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Figure 3.6 Contours of equal hydraulic conductivity for a sample of silty clay 
prepared by kneading compaction (Mitchell, 1990) 
The ideal moisture content and dry density unit weight can be determined by running 
a series of Proctor Compaction Tests on the desired soil type. By performing the light 
and heavy compaction tests, and plotting the results on moisture content versus dry 
unit weight graph, the line of optimums can be identified and plotted. The zero air 
voids curves should also be plotted on this graph. With the line of optimums as the 
bottom boundary and the zero air voids curve as the top limit, the acceptable zones of 
values-may be defined. Figure 3.7. show moisture content against dry unit weight 
graph, where the acceptable zone is bounded between the line of optimum and the 
zero air voids curve. The zone of values bounded by these two curves satisfies the 
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previously stated conditions; that the lowest of hydraulic conductivity occur when the 
dry unit weight is high and the moisture content is on the wet side of optimum. 
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Figure 3.7 Determination of acceptable Dry unit weight and Moisture content 
parameters 
The acceptable zone provides a range of paired dry unit weight and moisture content 
values that will result in low values of hydraulic conductivity when effective and 
proper compaction is achieved (Cawley, 1999). 
Figure 3.8 show that hydraulic conductivity is sensitive to water content and 
compactive effort. For water contents in excess of the line of optimum, low hydraulic 
conductivity is achieved. The degree of saturation combines the effect of water 
content and compactive effort in a single parameter. As the water content or 
compactive efr0rt is increased the degree of saturation increases. 
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Figure 3.8 Hydraulic Conductivity compaction curves Daniel et al (1990) 
Compaction criteria for landfillliners generally require that clay liners are compacted 
within a range of acceptable water contents and a specified minimum dry unit weight 
(a percentage of the maximum dry density). The most common requirement is a dry 
density 95% of the maximum dry density based on the required Proctor Compaction 
Test (Benson et al .• 1992). The water content is generally required to be wetter than 
the optimum ( W95 ). with optimum being defined by Standard Proctor effort. The 
most common requirement is 0-4% wet of optimum (Benson et al.. 1992). 
This specified range is generally obtained from compaction and permeability testing. 
For a maximum allowed K and for a specified compaction test method. the clay liner 
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will achieve the required K if it is compacted between moisture contents w 1 and 
w 2 and a minimum dry density, Yd. This is similar to the specified range seen in 
Figure 3.8. This then, generally, forms the basis for clay liner construction 
specifications. 
3.8.2.3 Compaction Method and Effort 
Use of different methods of compaction can lead to large differences in hydraulic 
conductivities for compacted clay that is wetter than the optimum.(Mitchell et ai, 
1965). They suggest a kneading compaction method (Figure 3.9). This method results 
in a more dispersed structure in the sample due to the introduction of large shear 
strain during compaction. This gives a lower hydraulic conductivity than samples 
prepared by static compaction. For this reason, Mitchell and Jaber, (1990) 
recommend the use of a heavy sheep's foot roller that introduces large shear strain 
during compaction (which approximates to the kneading-type compaction) in the 
field. 
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Figure 3.9 Method of Compaction (Mitchell et al. 1992) 
72 
Shanna and Lewis (1994) suggest maximizing the compactive energy by considering 
factors such as the number of passes and the type and weight of roller. 
Furthermore, the liner should be compacted in several layers so that the feet of the 
compactor can penetrate and impart shear strains to the full layer (Mohamed et aI., 
1998). Thomas and Brown (1992) indicate that lifts no thiCker than 75 mm" are' 
needed to achieve the desired Iow hydraulic conductivity throughout an entire soil 
liner. It is important that the lift of a clay liner be properly bonded to the underlying 
and overlying lifts. If this is not done, a distinct lift interface will develop, which may 
present an easy path for fluid migration through clay liners. Full scale tests (Brown et 
al., 1983) were done where a fluid was shown to penetrate the liner through a vertiCal 
crack, then travel along the interface between two clay lifts until it encountered 
another vertiCal crack, as shown in Figure (3.10). 
DYED WATER 
LIFT LIPTThoiERFACE 
DYESTAINEOSOIL 
Figure 3.10 Pattern of flow through a clay liner between lifts (Brown et al., 1983) 
For clay liners, compaction moisture content is more important than density, as the 
moisture content controls the strength of the clods and hence the ability to knead the 
soil whiCh helps to eliminate or minimize secondary structural features. 
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3.B.2.4 Desiccation 
When a compacted clay liner is constructed in a hot and dry climate it is important to 
guard against desiccation or the drying of the clay liner. If the clay's moisture content 
is allowed to decrease significantly, the clay liner will lose its ability to act as an 
. effective barrier against flow. 
Desiccation cracking occurs when the compacted soils are exposed to the atmosphere 
in high temperature. Pore water evaporates, causing development of negative pore 
water pressures in the soil. The negative pore water pressure causes an increase in 
effective stress and a consequent reduction in volume. Because the pore water acts in 
all directions, the soil tends to shrink in all directions and cracking results. If the soil 
is wetted with water, it will swell and tend to close the cracks, resealing the liner. 
However, Day and Daniel, (1985), predict that the effects of desiccation and cracking 
may increase the hydraulic conductivity by as much as 1000 times the values 
measured in the laboratory. 
Since the effect of desiccation can render a liner useless, it is necessary to take 
precautions against this problem, particularly when this liner is to built in the summer 
season in Libya. The most effective way to prevent desiccation is to keep the surface 
of the compacted clay liner from being in direct contact with the atmosphere. 
Boynton and Daniel (1985) carried out a series of desiccation tests and concluded that 
desiccation cracks can penetrate highly plastic clay to a depth of 65mm in 4 hours, at 
a temperature of 25 °C. When the soil was subsequently moistened, the cracks tended 
to close, but the permeability was not as low as for undessicated specimens. It is, 
therefore, important to protect the liner from desiccation. 
Some of the methods used currently around the world to protect compacted clay 
liners from the effect of desiccation include the use of geomembrane covers, spraying 
the liner with bituminous sealers, or covering the completed liner with another layer 
of soil. In case the liner cannot be covered, it is suggested that its surface should be 
periodically sprayed with water to limit moisture loss from within the soil fabric. It 
should be noted that if water is added to the liner surface, care must be taken to avoid 
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excessive wetting. Excessive moisture can result in instability and can lead to the 
failure of the clay liner. 
3.9 Hydraulic conductivity 
Hydraulic· coriductivity is probably the most important factor to consider when 
choosing a soil to use as a potential lining system in both wet and dry regions. It is 
also one of the main objectives of this research in order to obtain values of hydraulic 
conductivity for tested samples that can suit Libyan soil conditions. In order to obtain 
low Hydraulic conductivity values, it is usual to specify the use of clay with suitable 
material characteristics as defined by its plasticity, material variability and clay 
content. It was also stated that it is important for an individuallandfill site to consider 
the strength, structure and other 'mass characteristics' of the clay proposed for use as 
a lining as it must be possible to excavate, segregate, handle and compact the deposit 
to an acceptable state. 
Permeability is defmed by Darcy's Law as: 
Where 
K=Q!Ai (3.1) 
Q = Volumetric flow rate (m 3 !s) 
K = Hydraulic conductivity (m! s) 
A = Cross sectional area of flow (m') 
i = Hydraulic gradient 
Day and Daniel (1985a) provide a good description of the general infiltration tests 
which are available, ranging from the very basic percolation tests to the advanced 
sealed double-ring infiltrometers. They determine the hydraulic conductivity of two 
prototype clay liners by ponding water on the liners and measuring the rate of 
seepage by carrying out ring infiltration tests 
Harrop-Williams (1985) considered four options to test the suitability of a particular 
soil for use in a liner. These were field permeability testing of field-compacted soils; 
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laboratory penneability testing of undisturbed samples of field compacted soils; 
laboratory penneability testing of laboratory compacted soils; and estimating 
penneability from more easily measured soil properties. Option three has proved to 
be unreliable and inaccurate. The fourth option is advantageous, as it provides a 
rapid, usable basis for accepting soil placement activities in the field. The first. two 
options, although providing a direct measure of compacted clay penneability, slow 
down the rate of construction. 
3.9.1 Factors affecting Hydraulic Conductivity 
According to Lambe (1954) in his initial studies of the engineering behaviour of 
compacted clay five factors had the greatest influence on Hydraulic conductivity: 
• Soil composition 
• Penneant characteristics 
• Void ratio 
• Structure 
• Degree of saturation during penneation. 
Arch et al.1993 also discussed the factors affecting the containment properties of 
natural clays with reference to the following controls on penneability: 
3.9.1.1 Particle size 
Elliott et al. (1997) stated that there are four major controls on the hydraulic 
conductivity of compacted mineral liners which include: 
• Mineralogy 
• Particle size Distribution 
• Void Ratio and Soil Structure 
• Nature and Temperature of penneating fluid 
Lamb and Whitrnan (1976) demonstrated that the composition of clays and clayey silt 
plays a major role in penneability. The particle size of a soil has a direct relationship 
to the penneability, i.e. the smaller the particle size the lower the penneability. The 
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role of particle size on permeability is discussed in more detail in Mitchell (1976) and 
Rowe (1997). 
3.9.1.2 Void ratio 
Sala and Tessier (1993 and 1994) d~fined two types of pore space in clayey soils. Th~ 
first, termed micro-voids, are due to the clay particle arrangement inside aggregates 
or within clay pastes. The arrangement is dependent on mineralogy, exchangeable 
ions, adsorbed organic matter and salt solution concentration. The second, macro-
voids, results from the aggregate assemblage. The results of a V.S. E.P.A. funded 
laboratory project on dye-stained seepage paths in the liner indicated that seepage 
was predominantly through the macro-voids between soil clods and along the interlift 
boundary, not through the soil particles making up the clods (Elsbury, et al., 1990). In 
this case the compaction process failed to achieve the basic compaction objectives of 
remoulding and bonding. 
3.9.1.3 Composition 
Even at a constant void ratio, there can be up to two orders of magnitude difference in 
the hydraulic conductivity due to the principle exchangeable cation in the clay 
mineral. In general, the smaller the clay mineral, the larger the role of adsorbed water 
in maintaining the volume. Montmorillonite is the smallest clay mineral, with 
kaolinite as the largest while iIIite lying in-between, (Oakley, 1987). 
3.9.1.4 Fabric 
Soil hydraulic conductivity is governed by clay structure (microstructure) more than 
any other single variable (Mitchell, 1976 and Czurda and Wanger, 1991). 
Compaction conditions influence volume stability or shrink -swell potential of mineral 
liners (Mitchell, 1976 and Larnbe and Whitman, 1979). The hydraulic conductivity of 
compacted mineral liners is dependent on the type of compaction (kneading, static, 
impact), compaction effort (roller weight and the number of passes). In 1989 Miller 
and Mishra studied failure mechanisms on clay cover liners. The conclusion was that 
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the liners often fail due to the development of macro-voids, attributed to desiccation 
(Holzlohner, 1989). 
3.9.1.5 Degree of saturation 
Elsbury et al. (1990) partially accredited high hydraulic conductivity measurements 
to compacted soil having moisture content dry of optimum. The two traditional states 
of the fabric of a clay soil are flocculated or dispersed (Lambe and Whitman, 1979). 
Usually the more flocculated the soil fabric, the higher the hydraulic conductivity. 
Compaction significantly wetter than optimum produces fewer fractures and macro-
pores (Femandez and Quigley, 1988). Sharma and Lewis (1994) conclude that at the 
micropore level, a flocculated structure yields a higher hydraulic conductivity than of 
a dispersed structure and at the macropore level, interclod pores control the hydraulic 
conductivity. 
3.9.2 Determination of Hydraulic conductivity 
As liners contain hydraulic defects (cracks, fissures, macro-pores, heterogeneities) 
small samples are likely to be unrepresentative of in-situ conditions (Daniel, 1987, 
and Cancelli et al. 1991). 
Benson et al., (1994) state that the most common test being conducted to assess the 
saturated hydraulic conductivity of compacted clay liners and test pads at waste 
disposal facilities in the USA is the sealed double ring infiltrometer test. In South 
Africa, double ring infiltrometer tests were conducted on the bentonite-modified 
compacted clay liners. It is also the recommended testing method according to South 
Africa's Minimum Requirements Guide (DW AF, 1998). 
Over the past fifteen years much research has been carried out looking into the 
laboratory measurement of hydraulic conductivity. The two main groups of 
laboratory measurements are: 
• Fixed wall permeameters 
• Flexible wall permeameters 
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Generally speaking, fixed wall permeameters utilise the falling head method of 
measuring hydraulic conductivity, whilst flexible wall permeameters follow the 
constant head method. 
3.9.2.1 Fixed wall permeameters 
Fixed wall permeameters have the advantage of convenience, simplicity and low cost 
for testing compacted soils. The other advantages include compatibility with a wide 
range of permeant liquids and do not need a high confming pressure. However, the 
major disadvantage is the potential imperfect contact between the soil and the inside 
of the fixed-wall cell. This problem could lead to sidewallleakage and to erroneously 
large measurements of permeability. 
Daniel, Anderson and Boynton (1985) describe four types of fixed-wall 
permeameters which are: 
• Compaction mould permeameters 
• Double ring permeameters 
• Consolidation-cell permeameters 
• Fixed cylinder permeameters 
Compaction-mould permeameters are widely used for measuring the hydraulic 
conductivity of compacted clays and sand-bentonite mixtures. Clamping a 
compaction mould between two end plates assembles the permeameter. The soil is 
compacted into the mould, the ends of the soil specimen are trimmed flush with the 
mould, the permeameter is assembled and permeation is initiated (Figure 3.11). 
A collar that contains a reservoir of permeant liquid may be included in the 
permeameter or may be omitted. The rate of flow is measured either by collecting the 
effluent fluid or by monitoring the rate of inflow. Daniel, Anderson and Boynton 
(1985) suggest that the compaction mould permeameter is the simplest and most 
economical for testing compacted clays. The disadvantages of the device are the 
possibility of incomplete saturation of the soil if back pressure is not used, lack of 
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complete control over the stresses that act on the soil, and the potential for sidewall 
leakage. 
LINE 
CAl 
INFLUENT 
LIQUID VENT· 
EFFLUENT 
LINE 
(8) 
Figure 3.11 Compaction-Mould Permeameters with (A) a reservoir of permeant 
liquid contained within a collar located directly above the specimen and (B) a 
separate reservoir of permeant liquid (Daniel, et aI., 1985) 
The double-ring permeameter is a modified compaction-mould permeameter 
developed by Anderson et al. (1985) with two drainage lines extending from the base 
plate rather than one (Figure 3.12). This means if there is significant sidewallleakage, 
the rate of flow into the outer collection ring will be much greater than the rate of 
flow into the inner ring. If the rates of flow into the two rings do not agree, one could 
either assume that the rate of flow into the inner ring is nearly correct, or even better 
reject the rest. 
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Figure 3.12 Double-Ring Compaction Mould Permeameter (Anderson, 1985) 
In a consolidation-cell permeameter (Figure 3.13). A reservoir of water or liquid 
surrounds the ring, and applying vertical pressures of the desired magnitude 
consolidates the soil specimen. Permeation is initiated by rising the hydraulic head at 
the base of the specimen and flowing permeant liquid up though the sample. The 
main advantages of using this technique are the relative ease of trimming undisturbed 
samples into the fixed ring, the ability to apply a vertical pressure, and the ability to 
measure the vertical deformations of the sample. The main disadvantages are the 
potential for sidewall leakage that exists for all fixed-wall permeameters, the 
difficulty of performing tests at low effective stresses, and the thinness of the 
specimens. Additionally, most consolidation cell permeameters have no provisions 
for ensuring complete saturation of the soil with liquid (Bowders et ai, 1986). 
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Figure 3.13 Consolidation Cell Permeameter (Bowders et aI., 1986) 
3.9.2.2 Flexible-Wall Permeameters 
According to Chen and Yamamoto (1987) the laboratory permeability a test using a 
triaxial cell test cell (flexible-wall permeameter) is probably the most widely used 
and scrutinised method for testing clay samples (Figure 3.14). They suggest that this 
is mainly because it has the ability to saturate the sample with back pressure, and 
generate measurable amounts of outflow by applying large hydraulic gradients. 
Attewell (1993) suggests that for testing the permeability of fIne-grained soils the 
triaxial test using a constant hydraulic gradient (constant head) is most appropriate. 
He states that an all-round (isotropic) pressure of about three atmospheres above the 
pore water pressure would be applied to the specimen in the cell. 
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Figure 3.14 Flexible-Wall Permeameter, developed by Daniel et aI., (1986) 
According to Daniel, Anderson and Boynton (1985) flexible-wall permeability tests 
are performed on triaxial cells or modified triaxial cells. Daniel, Anderson and 
Boynton (1985) state that the advantages of the flexible-wall cell are that nndisturbed 
samples are easily tested because minimal trimming is required, back pressure is 
normally used which helps to saturate the sample fully. Saturation can be confirmed 
during application of back pressure. 
The vertical and volumetric deformations of the soil can be measured and the vertical 
and horizontal stresses controlled. The same authors also stated that the disadvantages 
of flexible-wall cells include the fact that the membrane used to confme the soil are 
usually made of latex, butyl, or neoprene rubber, all of which can be attacked and 
destroyed by certain chemicals. Daniel et al. (1984) suggest that to solve this 
problem the specimen must be wrapped in a sheet of Teflon and then another piece of 
Teflon is used to protect the membrane. 
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Zimmie (1981) suggests that the best equipment, in general, to determine the 
laboratory permeability of the fine-grained soils for waste studies, is a triaxial device. 
He states that the key elements of a triaxial device are a soil specimen surrounded by 
a thin, rubber membrane enclosed in a fluid pressurised chamber. Zimmie (1981) 
',.. states that by the application of the proper. chamber pressure and oVertical load, .the. 
specimen can be stressed to in situ conditions. Drain holes at both ends of the 
specimen allow the performance of permeability tests. The flexible membrane 
surrounding the specimen is pressed tightly against the soil, preventing leaks and side 
flow along the sides of the specimen. This is one of the major reasons for using 
triaxial devices. 
3.10 Attenuation mechanisms of contaminants by clay liners 
Attenuation by clay soil is the process where the concentrations of various 
constituents of leachate are reduced to an acceptable level over a certain travel 
distance or period of time. Attenuation is an important mechanism to consider in the 
design of a bottom liner of a landfill (Luis et aI., 1996). 
The effectiveness of certain natural soils in adsorbing a range of contaminants from 
leachate solution has been investigated by numerous researchers (Griffin et al. 19976, 
Tyler et aI., 1982, Y ong et a1.1992a, Mohamed et al. 1992, 1994, Yacob, 1999 and 
many more). They all consider that clays react physically or chemically with 
contaminants to impede further migration into the environment. According to Warith 
(1987), clay liners can function in two ways underneath the landfill site: 
• They can impede the flow of contaminated fluid into the subsurface 
environment because of low permeability. 
• They can also adsorb or attenuate suspended or dissolved contaminants, so 
that effluent from landfills and waste containment ponds which passes 
through the liner will fall within the quality ranges set by the environmental 
agencies. 
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Based on the literature review, the mechanisms of attenuation are identified as the 
following: 
(i) Adsorption 
(ii) Ion exchange 
(ii'iY Cothplexation 
(v) Precipitation 
3.10.1 Adsorption 
. -, . 
Adsorption is defmed as the physico-chemical process of adhesion from fluid to solid 
surfaces. Adsorption complex refers to a group of substances in soil capable of 
adsorbing other materials such as organic and inorganic colloid substances (i.e. clay 
minerals, organic matter and hydrous oxides) (Cope et al., 1983). The terms sorption, 
adsorption and absorption are frequently confused. Sorption is a general term to 
indicate the process by which contaminants are partitioned between the liquid phase 
and soil particle interface. The term sorption is used when the actual retention 
mechanisms are difficult to identify (yong et al., 1992a). According to Bagchi, 
(1987) adsorption is limited by the surface capacity of the soil. 
According to Yong. et al., (1992) the adsorption data are required for the following 
purposes: 
(1) To study the soil adsorption and attenuation of contaminants; 
(2) To determine the number of pore volumes required to achieve breakthrough of 
the contaminant; 
(3) To provide the information necessary for calculation of the retardation parameters 
required in the contaminant transport equation; 
(4) To determine the transport parameters which control the migration of contaminant 
through the soil 
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3.10.2 Ion exchange 
Clays have the property to exchange ions of one type with ions of another type. The 
total capacity of soils to exchange cations is called Cation Exchange Capacity (CEC). 
The CEC of any particular soil is affected by the kind and quantity of the clay 
minenil,'organic"content; and by the pH of the' soil, Qasim et al. (1994). Soils 
containing smaller grains offer larger surface area and larger available exchange sites. 
Organic contents improve the exchange capacity, and the cation exchange capacity 
increases with increasing soil pH. 
Yong et al (1992a) reported that ion exchange occurs when the contaminants in the 
soil solution are attracted to the soil constituents' surface because of the unsatisfied 
charges of the soil particles. The source of the negative charge at the surface of the 
clay crystal results from both isomorphous substitution and imperfections in the 
crystal lattice, especially at the clay surface (i.e. broken edges), which contribute 
greatly to unsatisfied valence charges at the edges of the crystal. Cations 
(contaminants) in the water may be strongly attracted to the clay surface, depending 
on the amount of negative charge present (Yong and Warkentin, 1966, Holtz and 
Kovacs, 1981). 
Figure 2.15 shows graphically an example of the ion exchange process between 
Pb 2+ ions in solution and exchangeable cations, Sodium (Na +) ions, originally on the 
clay surface. The exchangeable cations, Sodium (Na +) are replaced by the, Lead 
(Pb 2+) ions by altering the chemical composition of the electrolyte solution and 
therefore produce no net change in energy (Yong et al., 1992a). The ease of 
replacement or exchange of cations depends primarily on the valence of the cation 
and the size of the hydrated ion (Hoitz and Kovacs, 1981). 
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Figure 3.15 Demonstration of electrostatic attraction as ion exchange process, Yong, 
et, al. (1992) 
3.10.3 Complexation 
Complexation occurs when metallic cations become attached to two or more 
inorganic and organic ligands by coordinate bonds. The inorganic ligands which will 
complex with the metallic ions include most of the common anions. The complexes 
formed between the metal ions and inorganic ligands are much weaker than those 
complexes formed with organic ligands. Meanwhile, chelation is a process of 
complexation with multidentate ligands (a ligand containing more than one ligand 
atom). Moreover, this ligand is capable of co-ordinating with more than one position 
(Yong et al. 1992a). 
Soil with high amounts of organic matter will tend to have a minimal amount of free 
metal ions within the soil because of the chelation agents in the organic matter. Not 
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all metals are made nontoxic by chelaton and complexation. Some are actually made 
more toxic. The organic component of soil constituents has a high affinity for heavy 
metal cations because of the presence of ligands or groups that can form chelates with 
the metal ions (Yong, 1992a). 
3.10.4 Precipitation 
Precipitation is one of the most effective means of migration control. A shift of 
equilibrium from soluble state to solid state (precipitation) is governed by a great 
number of varying properties of soils but mainly by (i) concentration of pollutant 
(heavy metals) in solution; (ii) pH (Cope et aI., 1993). 
Precipitation occurs when the transfer of solutes from the aqueous phase to the 
interface results in accumulation of a new substance in the form of a new soluble 
solid phase. This process involves two stages: nucleation and particle growth on the 
surface of the soil solids or in the pore water. The precipitation is controlled by the 
pH of the soil solids and the pore water, and the concentration of solutes. High 
concentrations of solutes are required, therefore increasing the ionic activity of the 
solutes, which exceeds the solubility products for precipitation to occur. Without 
doubt, precipitation is a major factor in the retention of heavy metals in soils (Y ong et 
aI., 1992a). 
3.10.5 Attenuation studies via batch equilibrium tests 
Batch equilibrium tests have been used in many contexts as single experiments (Forst 
and Griffin, 1977; Farrah et aI, 1980, Majone et aI, 1993 and etc.) or in conjunction 
with leaching experiments (Mohamed et aI, 1992; Mohamed et al. 1994; Le et al. 
1997; and Li 1998). 
Frost and Griffm (1977) reported the effect of pH on adsorption of copper, zinc and 
cadmium from landfill leachate by two clay minerals, kaoilinite and montmorillinte. 
Their adsorption study was based on the results from batch tests. Despite using a 
simple test, the results were satisfactory and they suggested that exchange-adsorption 
and precipitation were responsible for removal of Cu, Zn and Cd ions from solution. 
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It was also reported that this removal was dependent upon pH and the ionic strength 
of the leachate. 
According to J essberger (1997) batch equilibrium tests provide a quick method of 
estimating the maximal contaminant retention capacity of any liner material. The 
BET represents an extreme method, since the experimental technique' completely 
destroys the soil structure (soil suspension). All clay surfaces available for sorption 
are exposed and the amount of adsorbed contaminant is significantly greater than that 
obtained in the leaching colunm test. However, the BET test is intended to study the 
attenuation characteristics of the soil materials when exposed to the contaminant 
solution or leachate. 
Bagchi (1987) investigated the mechanisms by which landfillleachate is attenuated 
by soil. The mechanisms are; adsorption, biological action, cation and anion 
exchange, dilution, filtration and precipitation reactions. It was concluded that the 
controlling factors were cation exchange, biological uptake and precipitation 
reactions and that the role of dilution needed to be given more attention. The 
investigator suggested further research into adsorption isotherms for leachate 
constituents, landfill microbiology and leachate velocity studies. 
Y ong, at al (1997), reported the fmdings of a comprehensive, laboratory-based 
characterisation and attenuation study of clay materials from South Wales. The 
experimental work included physico-chemical and mineralogical properties of soils, 
batch-equilibrium and leaching colunm tests were also used. The results indicated 
distinctly different characteristics and behaviour due to different geological materials; 
higher compacted densities and permeabilities for the mudrocks and glacial till; 
higher SSA and CEC for the alluvial soils; very high ionic contents for the alluvia; 
and poor attenuation and buffering capacities for the mudrocks. 
Among the chemical properties that exert an influence on the capacity of a soil for 
attenuating contaminants are: cation exchange capacity (CEC), pH, clay content, 
mineralogy, free iron oxide content, and lime concentration (Sarsby, 2000). He added 
that the attenuation capacity of a soil is largely a function of the clay content and clay 
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mineralogy of the soil. The higher its CEe value, the more efficient a soil becomes at 
attenuating cations. 
3.11 Literature Summary 
The focus· of the reviewed literature was on the possible constraints of fmding an 
ideal solution to the current situation of the solid waste management of the low 
income countries. The literature review used of knowledge acquisition on the broader 
area of solid waste management but with particular emphasis on engineering landfill. 
The literature review shows that there is urgent need for low income countries to 
build suitable landfill engineering to protect the environment and more importantly 
the groundwater supplies from the risk of contamination. 
Due to the availability of clay in Libya in very large quantities, clay soil should be 
considered as the first alternative for constructing a waste confinement liner. This 
clay material must be evaluated based on its physical and chemical properties as an 
engineering landfilllining system. 
In order to prevent or at least minimise the potential contaminants that result from the 
current uncontrolled dumping of waste, various techniques and methods have been 
reviewed in this chapter to provide a reliable and affordable containment system that 
can suit Libyan conditions. 
The literature review suggests that the use of natural mineral liners as a solution to 
minimise the risk of environmental damage is highly recommended at least for the 
time being. The availability of the local resources (natural clays) will definitely 
eliminate the cost of importing the raw materials. There are six types of lining 
systems commonly in use worldwide, especially in developed countries. These types 
were examined carefully in order to find the most suitable and reliable technique that 
may suit Libyan conditions, and be affordable in terms of their cost and the 
availability of technology. It has been found that most landfillliners are not suitable 
because of the high levels of experience and technology that are needed to implement 
and maintain them in a proper and effective way. The other disadvantages include the 
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high cost of importing these types of landfill liners and the need to do more research 
in order to understand their impact in Libyan conditions. For instant, the literature 
review has shown that geomembranes can develop holes and defects, while 
geosynthetic clay liners are very thin and therefore susceptible to damage by 
overlying waste (Shan and Daniel, 1991). The different types of landfilL liners .. 
showed some disadvantages in their use, they all need technology and experience to 
be installed that still does not exist in Libya. 
Natural clays are still used as mineral liners for landfill sites worldwide, either on 
their own or in conjunction with other materials. Different materials, such as natural 
clays, soil additives and/or polymeric membranes, are used as lining systems to 
prevent leakage of contaminants into groundwater and the surrounding environment. 
It is believed that the most appropriate option that is available locally, and would suit 
Libyan conditions in terms of simplicity and cost effectiveness is the use of 
compacted clay as a lining system for landfill sites. It has been in use increasingly in 
the past two decades in the developed countries, and has shown itself to be a reliable 
technique. 
In order to use natural clay as part of a lining system, the literature review suggests 
that an efficient and detailed laboratory evaluation of the clay to be used is imperative 
in ensuring a smooth and safe installation of the liner in situ. There are desirable 
properties that affect the clay's suitability, and before the material is used it should be 
experimentally tested. These include: 
• Low hydraulic conductivity 
• Ductility 
• Strength 
• Constructability 
• Long term stability and 
• High attenuation properties. 
It is important to realise that no lining system can guarantee total containment. Even 
with the most highly engineered sites, some migration of leachate to groundwater 
91 
supplies may still occur. Compacted clay materials as engineered barriers possess 
specific advantages compared to any otber liner materials. Natural clay materials can 
often be obtained on site or in tbe vicinity can be compacted to obtain very Iow 
hydraulic conductivity and are also economically cheaper. The otber advantages of 
.. using natural. clay material as a liningsystern are tbeirability to react physically to. 
leachate by retarding flow and chemically by contaminant sorption processes to 
attenuate the contaminants. The attenuation capability of clay materials gives them an 
extra advantage as lining material over and above tbeir role in reducing leachate flow 
by their Iow hydraulic conductivity. 
All clay soil used as landfill liners should comply with relevant national or 
international material specifications. Previous researchers insisted it is imperative that 
tbere should be an efficient and detailed laboratory evaluation of tbe clay to be used 
as a necessary first step leading up to specification of tbe clay. It is also necessary to 
understand tbe reactions taking place in the site and whilst tbe basics are understood 
more research is necessary. Regarding Libyan research there have been only very 
limited studies that have dealt witb tbe environmental pollution problems. 
Furtbermore, these studies are not very well presented. There is a great lack of serious 
scientific research dealing witb the pollution problem in Libya. However, tbe current 
research is aimed only at investigating tbe possibility of the use of natural clays to 
function as a liner for tbe landfill sites in Libya, tbe extent of tbe pollution problem is 
not the main aim of tbis research. More research is needed to assess the extent of the 
pollution problems. 
The clay liner can function as a membrane with Iow permeability and serve two 
purposes: 
1- The flow through tbe liner or tbe barrier wall is Iow enough to ensure immediate 
protection of tbe environment adjacent to the landfill site, and 
2- The leachate is slowly passed through the liner or barrier and certain constituents 
can be adsorbed onto tbe clay particles present in the liner or barrier. 
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However, the chemical investigations and attenuation characteristics of clay liners 
should be carefully considered, as should their geotechnical properties. For instance, 
knowledge of the permeability of the liner is vital if the flow of leachate is to be 
controlled. An increase in the permeability could increase the flow of leachate 
.. through .the.liner. and. would subsequently. cause,severe.contamination into.the 
ground water supplies and into the surrounding enviromnent. 
The literature review of the construction of landfill liners has highlighted the lack of 
thorough guidance and regulations on the use of landfill lining systems within Libya 
at the moment. A review of current guidelines was given in this chapter, with 
appropriate recommendation. 
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CHAPTER FOUR 
METHODOLOGY 
4.1 Introduction 
This chapter aims to outline sample collection procedures and the overall design of 
experimental work conducted in this research study and the objective to be achieved 
from the experimental work. Furthermore, this chapter will defme the techniques 
used to characterise physical and chemical properties of the arid soil represented by 
Northwest Libyan clays. The soils that have been collected were characterised 
physically and chemically in the context f their suitability as landfill lining system. 
Different clay soils may indicate different physical and chemical characteristics, 
which may influence the suitability and capability of the soil to be used as liner 
material. 
Part one of these chapter details of waste disposal management in Libya and sample 
collections, (collection strategy and techniques) 
Part two provides the analytical procedures employed to study the collected clay 
samples. A detailed appraisal of the methodology is provided, with a comprehensive 
description of the analytical techniques employed. 
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PART ONE- DATA COLLECTION AND SOIL SAMPLING 
4.2 Data collection 
Data collection was conducted mainly during the tow field trips to Libya to collect as 
much as possible of data about solid waste management in Libya. This was included 
the following points: 
a) Solid waste source in Libya, generation rates and waste 
compositions 
b) Solid waste collection and transformation methods 
c) Solid waste disposal options (This was included site visit to the 
dumping sites near Tripoli) 
d) Clay Soil samples collection 
e) Any relevant information 
4.3 Method of Data collection 
The following methods for data collection was followed: 
-Personal interview (this was included people who are involved in environmental 
issues such as local councils, and environmental agency) 
-Industrial Research Centre in Tripoli (this was mainly about the clays availability in 
Libya, their locations, type of clay soil, and quantities) 
- Technical personal. 
The field trips were very useful in terms of data collection. The meeting with 
technical and environmental personnel showed the extent of solid waste management 
problems and the recommended solutions. There was very limited data regarding 
waste management practice in Libya, and the main source of data were from personal 
contact and very limited publishing information were available. 
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4.4 Secondary infonnation 
The secondary infonnation is included the following points: 
• General infonnation about the waste generation, composition, transportation 
and fmaldisposal methods in Libya was obtained from Libyan General. 
Environmental Agency. 
• Soil waste disposal research and other technical papers were collected from 
different sources. 
• General infonnation about the climate records in Libya and water resources 
were obtained from the Industrial research centre in Tripoli. 
• Clay occurrence and quantities data were also obtained from Industrial 
research centre. 
• Other infonnation were obtained from different type of communications, this 
included books; articles, and Internet. Others were from personal 
communications and e-mails. 
4.5 Sampling strategy 
The sampling strategy was based on the literature review, and personal contact to 
detennine the sampling area, and how many samples were necessary to carry out this 
research. It was decided that there was a need to visit and meet a wide variety of 
people from industry and local authority to help to highlight possible areas of 
sampling by organizing meetings at the Libyan industry centre and other agents. The 
purpose of meetings was twofold; first to assess whether there any previous studies 
regarding the use of local clays as landfillliners that this research could examine, the 
second get any infonnation or pervious studies regarding the availability of clay soil, 
and their types est. Geological reportS and other mineralogical investigations that 
have been conducted by the Industrial Research Centre in Tripoli, Libya or any other 
published papers were also examined very carefully. These documents are: natural 
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resources in Libya in general, and with mineral resources in particular, (e.g. German 
consulting company report, 1973; Geological map of Libya, Explanatory Booklet, 
1975,1985; and the Geology of Libya Symposium, 1980) were consulted. 
The main conclusions drawn from field trip visits and with discussions with relevant 
J. \ "'0' . '." • .' J , ," •• _ 
people were that there was an apparent lack of any study about the use of Libyan soil 
as landfill lining system. Neither was any comprehensive suit of legation or 
guidelines of using mineral landfill liners in Libya found. It also showed that the 
Gharian area is the ideal area for soil sampling. It also showed there were not a great 
variety of clays in the Gharian area, and that all the clays came from the same source, 
and were almost the same composition. 
4.6 Sample collection 
Proper soil sample collection is important. Test results are no better than the sample 
collected. Accuracy and analysis depends on the collection of representative soil 
sample. The criteria for the selection of sampling sites and the procedures employed 
in the collection of samples are described, stressing the precautions required to avoid 
contamination. The storage procedures and numbering of the samples are also 
detailed. 
The collection of the clay samples from the quarry sites was based on the variation of 
the strata colour and the weathered zone. Each sample represented different strata 
(Figures 4.1 and 4.2). Soil samples were collected from several different locations 
(active quarries) in the Northwest part of Libya table 4.1, around Gharian town that 
lies 60 Km to the south of Tripoli. These locations are quite close to the most densely 
populated area in the country where more than two thirds of the population live. It is 
also the area that suffers mostly from pollution problems, particularly in the Tripoli 
area. 
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Sample Name Sample Locations Description of Samples 
BUI BU Ghaylan Area White-yellish claystone 
BUlla BU Ghaylan Area Red claystone 
BU lfb BU Ghaylan Area Grey-whitish colour 
GMa Gussem Vi llage Grey-whitish colour 
JEF Jefrem Town Dark grey clays 
Table 4.1. Soil Samples descriptions 
Figure 4. 1 View of quarry at Bu Ghaylan clays, showing red clay layer. 
OQ 
Figure 4.2 Road cut near Bu Ghaylan area, the yellow clay layer is clearly 
interbeded wi th red clay layer. 
The clay beds in Bu Ghaylan area extending hori zontally crops out at the bottom of 
the Nafusa Mountain and form a band of workable clay which surrounds in a 
semicircle the mountain protrud ing into the plane. This clay is mined for ceramic and 
ti le factories. The other site of clays in Bu Ghaylan located to the West of Gharian 
town (Figure 4.3). The mine is currently used for a cement factory nearby (EI-
Hinnawy et al.1975). Gussem clays came from an open pit quarry near Gussem 
village north of Gharian town. The measured and indicated clay reserves amounted to 
about 50,000 tons in the Eastern part and about 130,000 in the Western part (German 
consulting, 1973). The Gussem clays are used for ceramic and tiles, and used fo r 
pottery. 
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Figure 4.3 a map showing the sampling area 
Jefren clays occur at the foot of the escarpment of Jefren. The thickness of the 
outcropping clays varies between 15 to 20 m. Most of the Jefren clays are 
characterised by dark organic matter and pyrite. The Jefren clays are also used for 
wall tiles and pottery, and for the production of bricks. It is estimated that the total 
reserve of clays is about 17,388 622 tons (German consulting company report, 1973). 
It was difficult to find a drill rig for deep sampling, and to hire a rig is very costly and 
the budget of this research did not cover this. The other limitation was the inability to 
transport a huge amount of soil to the UK where the soil will be tested; this is due to 
the high cost of transportation as there was no direct flight from Libya to the UK at 
that time. 
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PART B- ANALYTICAL METHODS 
4.7 Testing Program 
The testing program attempts to investigate the soil parameters that describe the 
physical and cheniicalchilracteristics of the -arid soil that are represented by the 
Northwest Libya soil. The physical properties of the clays are important in relation to 
their capability to be compacted to achieve a minimwn requirement of hydraulic 
conductivity of 10-9 m1s or less. On the other hand, the chemical characteristics of the 
clays are also very important, to assess the capability of the clays to attenuate the 
contaminants (Figure 4.4). The testing program employed in this research is 
conveniently divided into two categories. The first category includes all the 
procedures employed in the study of mineralogical and physical characteristics of 
Libyan soils that were taken from Northwest Libya. The second includes all of the 
methods employed to study the chemical behaviour of testing samples as well as 
attenuation characteristics via the batch eqUilibrium test. 
The objectives of this experimental work in this research will be: 
1- To determine the physical, chemical and geotechnical properties of the arid soil 
representative of Libyan clays, in order to provide an overall description of the kind 
of soil used. 
2- To use the experiments as a source of data for the assessment of the ability of the 
arid soils to function as an engineered naturallandfilllining system. 
3- To acquire a general understanding of the behaviour of Libyan clays in terms of its 
attenuation and sorption characteristics by measuring retardation capability of soils 
by the use of relatively cheap and quick procedures. 
4- To suggest landfill liner guidelines for arid and semi-arid soil based on 
comprehensive experimental work and other countries experience with similar 
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climatic and soil conditions. In order to achieve the above objectives the following 
experimental work will be conducted . 
. An assessment programme of' 
soil material as landfillliner 
Chemical Properties Physical Properties 
-
Clay mineral (XRD) - Particle size analysis 
- Cation exchange capacity - Moisture content 
- Specific Surface Area - Atterberg limits 
- Carbonate Contents - Compaction teats 
-
Attenuation characteristics 
- Permeability (falling 
head test) 
1 
The properties 
The properties influence influence the 
the attenuation permeability criteria 
capability of the soil 
Figure 4.4 The Flow chart of the laboratory work plan that used in this 
research 
All samples were tested for their physical properties including: moisture content, 
Atterberg limits, grain size· distribution, compaction, shrinkage test, hydraulic 
conductivity (falling head), with all tests conducted in accordance with British 
Standards, BS1377 (1990). 
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The chemical properties tested for the purpose of this thesis included: Specific 
surface area (SSA), cation exchange capacity (CEC) and carbonate content. The SSA 
was determined using the Ethylene Glycon Monoethyl (EGME) adsorption method 
(Carter et al 1965), whilst cation exchange capacity was determined using the method 
that was described by Wilson (1987) and Inglethorpe. et_al (1993). The . clay 
mineralogy tests using X-ray diffraction (XRD) was also conducted. Batch 
Equilibrium test utilizing heavy metals solutions as single entities or composite 
mixtures were conducted. This was in accordance with ASTM, 04319-83 (1984). All 
methods of testing procedures are described in detail later in this chapter. 
4.8 Mineralogical Method and technique 
4.8.1 X-Ray Diffraction (XRD) 
The X-ray diffraction is undoubtedly the most used technique for the identification 
and characterisation of clay minerals. The main purpose of using the X -ray 
Diffraction technique was to identify the clay mineralogy of the soil samples. The 
different minerals may influence the behaviour and properties of the clay materials. 
The cation exchange capacity, specific surface area, plasticity, and retention 
capability are very much dependent on the clay mineralogy. 
4.8.2 Sample Preparation for X-ray Diffraction (XRD) 
For sample preparation, a glass slide was used in this research because of its ease of 
use and because it the most commonly used method. About 2 g of each sample was 
placed into a 10m! measuring cylinder, then about 5ml of distilled water was added to 
it and was mixed thoroughly using a glass rod. After 15 to 20 minutes, the upper 
solution was then pipetted (using an eyedropper) and placed slowly on the clean glass 
slide until the liquid covered the entire surface of the slide. A porous ceramic plate 
was used under the slide to catch any pills. It was assumed that the sample contained 
clay particle sizes of less than 2 lUll. The slide was dried at room temperature. High 
drying temperature should not be used because poorly crystalline clay minerals in 
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soils can be damaged by high temperature. Several treatments were also conducted in 
this research, such as: 
a- Glycol treatment 
b- Heat treatrilent to 550 QC . - '" .'~" ','-~ -'", 
These different treatments were used to verify the clays and distinguish between each 
other, because each type of clay responds differently. X-ray diffraction analysis was 
carried out using a standard Broker AXS machine (D8 Advance), in the Chemistry 
Department at Loughborough University. The X-ray diffractometer is connected to a 
computer terminal. After the X-ray diffractometer had finished analysing the sample 
it produced a diffractogram in the form a raw file. This file was downloaded to the 
computer and the computer software package diffrac-PlusV5 was then used to 
analyse the density against diffraction angle record that the diffractograrn represented. 
In order to identify the predominant clay minerals in each sample, the clay minerals 
were identified by using the peak position, intensity, shape and breadth of their X-ray 
diffraction patterns (diffractogram). These results are based on the interpretation of 
X-ray diffraction (Appendix A), where the different peaks of different minerals is 
colour coded to represent the corresponding mineral that has been identified. 
According to Moore and Reynolds (1997), peak position is determined by using 
Bragg's law written as nA.= 2d sine where A. is the wave length of the X-ray, n is the 
order of reflection and positive integer 0,2,3 ... n), d is the interplanar spacing of the 
crystal, and e is the glancing angle of incidence. Most of the important clay peaks are 
at the 2e values of 40° or less; therefore e is 20° or less. The identification of clay 
minerals was accomplished by careful consideration of peak positions and intensities. 
The qualitative identification procedure began by searching for a mineral that 
explains the strongest peak or peaks, then confirming the choice by finding the 
positions of weaker peaks for the same mineral. Once a set of peaks was confirmed as 
belonging to a mineral these peaks were eliminated from consideration. From the 
remaining peaks, a mineral that will explain the strongest remaining peak or peaks 
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was sought and then confirmed by looking for its peaks of lesser intensity. This 
method was repeated until all peaks were identified. 
a. Glycol treatment 
The samples were exposed to the vapor of the reagent ethylene glycol. It was dried in 
the oven at 60°C and re-analysed to determine the presence of montmorillonite. 
Montmorillonite can be easily identified by comparing patterns of air-dried and 
ethylene glycol-solvated preparations. The glycol-treated preparations give a very 
strong 001 reflection at about 5.2°29 (16.9A) which, in air-dried condition, shifts to 
about 6° (15A) (Moore and Reynolds, 1997). 
h. Heat treatment 
Heating treatment was also performed in two stages: the first stage was at a 
temperature of 350Co for two hours, because the structure of montmorillonite is 
usually destroyed in this stage. The second stage of heating was performed at 550Co 
for two hours to clarify whether the mineral was kaolinite or chlorite (Grim, 1968, 
Wilson, 1987, and Moore and Reynolds, 1997). The results of these tests showed 
which clay minerals make up the largest proportion in the samples. 
The samples were heated in the furnace at a temperature of 550°C for 30-40 minutes 
to identify the chlorite and kaolinite peaks. Heating chlorite to 550°C for 1 hour 
causes dehyroxylation of the hydroxide sheet with attendant changes in the 
diffraction pattern. The intensity of the 001 reflection increases greatly and shifts to 
about 6.3 to 6.4 029, and 002, 003 and 004 reflections are much weakened. At this 
temperature, kaolinite becomes amorphous to X-rays and its diffraction pattern 
disappears. This test may suggest that chlorite is present or that chlorite is absent 
(Moore, and Reynolds, 1997). 
The determinations of clay minerals were based. on the treatment results described 
earlier. mite and kaolinite profiles are unaffected by ethylene glycol solvation, while 
heating to 550°C showed an important effect on kaolinite, the peaks totally 
disappear. 
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4.8.3 Quantitative analysis 
In this research quantitative analysis based on the ratios of peak intensities was used 
to compare XRD traces of clay minerals. This method has been used by many 
researchers such as Quigley (1988) and Batchelder (1995). 
McManus (1991) presented some guidelines for quantitative analysis of clay minerals 
analysis. Due to the suspect nature of precise quantitative analysis by XRD, estimates 
based on the ratios of peak intensity are possibly the most useful in mixed assemblage 
clays. Standard deviations of up to 20% may be expected from quantitative analysis 
(Moore and Reynoleds, 1997). The "adiabatic principle" method developed by Chung 
(1974) uses peak intensity, the number of components and Ki (the peak intensity 
relative to a corundum standard) to calculate mineral proportions semi-quantitatively. 
The intensity of a diffraction peak is not directly proportional to the amount of that 
mineral in a sample. Problems include differences in mineral chemistry, e.g. all 
specimens of illite are not identical. No invariant methodology is possible for 
quantitative analysis by XRD methods (Moore and Reynolds, 1997). The length, 
thickness and the position of the sample in the beam and the absence of particle size 
gradients are crucial to the collection of data suitable for semi-quantitative analysis. 
The width of the diffraction peaks produced by clay minerals is affected both by the 
degree of disordering within the mineral lattice and the particle size. The use of peak 
intensities for quantitative analysis is thus brought further into question. 
4.9 Determination of the physical properties 
Determination of the physical properties was carried out to obtain the physical 
properties of the soil samples, which may have influenced the capability of the clay 
soil to be compacted to achieve minimum hydraulic conductivity required for a 
landfill lining system (less than 10-9 m1s). According to the literature review in 
chapter three, these tests were include moisture content, Atterberg limits, particle size 
distribution, dry density! moisture content relationships, and hydraulic conductivity. 
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The following is the experimental procedures for each test that was carried out in this 
research: 
4.9.1 Moisture Content 
The Moisture content of a soil is the amount of water within the pore space between 
the soil grains. Moisture contents for all samples were measured immediately after 
the samples arrived from the site. The Moisture contents were determined in the 
Industrial Research Centre (IRC) laboratory in Tripoli. 
The method used for determining moisture content was the oven drying technique at 
105°C to 110 °C, using British Standard, (BSI 1377: Part 2:1990:3.2). The moisture 
content of the soil was then expressed as a percentage of its dry mass. 
4.9.2 Particle Size Distribution 
The particle size distribution of clay samples were carried out in accordance with the 
wet sieve analysis British Standard, (BSI 1377: part 2: 1990: 9). 300g in weight of 
each sample were used. The clay fraction of the sample is an important property to be 
quantified and to do this efficiently between 400 and 500 ml of water was added to 
each sample and stirred in. The slurry was then passed through 1.18mm, 600~, 
425~, 300~, 212~, 150~, and 63~ sieves. The weight and weight percentage 
of each size fraction was then determined after being left to dry overnight. The 
material that passed through the 63~ sieve during wet sieving was run through the 
Malvern Mastersizer 2000 machine in order to quantify its particle size distribution 
below 63~. All samples were tested three times in order to minimise the 
experimental errors that may have happened during the sample testing. The results of 
particle size distribution for each sample were then plotted on a semilogarithmic 
curve of particle sizes against cumulative percentage passing. . 
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4.9.3 Atterberg Limits 
Despite the source of research's soil which came from arid to semi-arid conditions, 
this test is widely recommended in the literature for both dry and wet regions (chapter 
three). In order to classify the clays in civil engineering terms the Atterberg limits of 
~ . " 
the clay samples were determined. The term plasticity describes the ability of a soil to 
undergo unrecoverable deformation at constant volume without cracking or 
crumbling. Depending on its water content clay may exist as a solid when dry upon 
the addition of water proceeds through the semisolid, plastic and fmally liquid states. 
The water at the boundaries between the adjacent states is known as the shrinkage 
limit, plastic limit, and liquid limit. (Figure 4.5). 
Liquid State Liquid Limit j 
Plastic State 
J Plastic Limit 
.~ 
J Semisolid State Shrinkage limit 
Solid State 
Figure 4.5 Atterberg limits and related indices 
The tests of liquid limits were carried out the using to Cone penetrometer method. At 
the liquid limit the cone penetration is 20 mm. The tests were cOIiducted for four 
samples; each sample was run three times in order to control the experimental error. 
The test procedure can be found in BSI 1377: part 2: 1990:4.3. 
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The plastic limit test was carried out in conjection with the liquid limit test and was 
used to determine the lowest moisture content at which the soil samples become 
plastic. The test was also carried out accordance to BSI 1377: part2: 1990: 5.3. When 
the plastic limit was reached the moisture content of the soil was calculated for both 
container and the average of the two results was taken. If they different by more than.. . 
0.5% moisture content, the test was repeated. The average moisture content referred 
to above was expressed to the nearest whole number and reported as the plastic limit 
(w p ) of the soil. 
4.9.1 4. 9.3. IPlasticity Index 
The difference between the liquid limit and plastic limit was calculated to give 
plasticity index (I p ) of the soil. 
(4.1) 
Where: 
I p = plasticity index 
W L = Liquid limit 
w = plastic limit , 
The values of plasticity index were also reported to the nearest whole number. These 
values are important as they form one of the recommended regulatory requirements. 
4.9.4 Soil particle density 
In order to calculate the air voids lines for plotting on the compaction curves, the 
particle density test was conducted on the clay samples. The air voids become 
important as they are used as a method of assuririg the quality of the liner when 
placed in-situ (Birtwhistle, 1997). 
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In this research the gas jar method was used as described in BSI 1377: part 2: 1990. 
The 200g of each original sample were taken for the test. Two density measurements 
were carried out and the average was taken. If anyone value differed by more than 
-3 0.03 M gm ,then the test was repeated . 
. '. ,.' ... , ," " ., ". 
The results values calculate the 0, 5 and 10 % air voids lines for the compaction 
curves by using the following equation: 
( 1 V,) 
100 Mglm 3 
(;, + 1~0) (4.2) 
Where: 
P d = dry density (Mgm -3 ) 
Va = percentage of air voids (%) 
P , = particle density (Mgm -3) 
W= moisture content (%) 
4.9.5 Compaction Tests 
It is very important in order to determine the optimum moisture content ( WoPt) and 
maximum dry density (yd max ) of the clay prior to the construction of clay liners. For 
each sample the relationship between dry density and moisture content was 
determined over a range of moisture contents using the standard 2.5 kg Proctor and 
heavy compaction test, BSI 1377: part 4: 1990. Because of the shortage of the 
material, the heavy compaction was conducted for all samples, while the light 
compaction test was conducted only for sample BUI and BUlla. The degree of 
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compaction of soil was measured in terms of dry unit weight. During compaction, 
water was added to the soil which acted as a lubricating agent on the soil particles. 
The soils slipped on each other and moved into packed positions. However, beyond a 
certain point, additional moisture tends to reduce the dry unit weight because water 
,takes spaces that might-have been occupied by solid, particles. For given moisture 
content, the theoretical maximum dry unit weight was obtained when no air is in the 
void spaces, (when the 'degree of saturation is 100 %). The air voids cannot be 
eliminated altogether by compaction, but with proper control they can be reduced to a 
minimum. A compaction curve is not complete without the addition of the air voids 
lines. An air voids line is a (curved) line showing the dry density-moisture content 
relationship for soil containing a constant percentage of air voids. A set of air voids 
lines can be drawn from calculated data if the particle density of the soil grains is 
known. The compaction curves produced for this data give a good indication of how 
sensitive the soil is to change in moisture content. The compacted density also gives a 
good indication of compressibiIity and hydraulic conductivity. 
Where: L D = length of oven dried specimen 
L 0 = original length of the soil (at w % = W I' liquid limit) 
4.9.6 Hydraulic Conductivity tests (Falling head method) 
In this research the hydraulic conductivity of the soils were tested using the falling 
head technique. The main objective of permeability tests was to obtain values of 
permeability for tested saniples. These values were used to test the Libyan soils in 
terms of their suitability as a proper landfiII liner. However, the main advantageous of 
using this test was straightforward and easy set up, and for clay soils accurate; 
reproducible values of the coefficient of permeability are obtained with this system 
(Beeuwaert and Sarsby, 2000). 
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4.9. 6. 1 Theory of the Falling Head Method 
The principle of falling head tests on a low permeability such as is shown in Figure 
(4.6) At any time t, the difference in height between the inlet and outlet levels is equal 
to (Y-Yo). The hydraulic gradient 1, is therefore equal to (Y-Yo) divided by L. 
, , .". "', ',..... j. ' .' •• ' "~ " • - " , 
f 
I:j:~.,;;"--____ ~ I I 
I 
Y, 
I 
Figure 4.6 Principle of Falling Head Permeability Test (Head, 1992) 
The quantity of water flowing through the sample in time dt is equal to the area of the 
standpoint multiplied by the drop in height of the water level. (i.e.) 
dy 
DQ=-a -
dt 
(The negative sign appears because y is decreasing) 
But from Darcy's Law; 
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(4.3) 
dQ=AK i AK(y-yo) 
L 
:.-a dy AK(y- Yo) 
dt L 
1 KA 
---dy=-dt (y- Yo) aL (4.4) 
Integration Equation 4.4 between the limits y = YI to Y2 and t = tl to t2 
y, dy " KA 
- f = f:::::·::·dJ 
y,(y-Yo) " aL 
:. -log, YI - Yo 
YI - Yo 
Equation 4.5 can be re-written, 
KA 
-(t -t) 
aL 2 I 
K- aL 10 (hI) 
- A(t2 -tl ) g, h2 
4.9.6.2Procedure 
(4.5) 
(4.6) 
The clay samples were compacted in the compaction permeameter using the methods 
described in chapter 3 after compaction, the sample was placed in a bucket full of 
water and immersed for a minimum 24 hours to ensure that the sample was as fully 
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saturated as possible. After saturation, the permeameter was placed in a trough of 
water and connected to the falling head equipment, the small sized tube (3 mm) was 
opened, and the recording was read. Each sample was run three times in order to 
control the experimental errors. 
To calculate the hydraulic conductivity (k) of the sample, the slope of the line of the 
graph (m), the cross sectional area of the sample (A), the area of the tube (a) and the 
length of the sample (L) all need to be known and placed in the following formula: 
K=-m (alA) L (4.7) 
4.10 Determination of Chemical Properties 
The chemical properties of clay soil are one of the most important factors that should 
take into consideration when the suitability of the natural clays is proposed to be use 
as a landfill lining system. The chemical properties may affect the attenuation 
capacity of the material with regard to potential landfill Ieachate contaminants. The 
chemical properties that have been conducted in this research were a cation exchange 
capacity, specific surface area, and carbonate contents. 
4.10.1 Cation Exchange Capacity 
The cation exchange capacity is usually determined by saturating the clay with an 
index cation, removing the excess by washing, displacing the index cation with 
another cation of higher polarizing power, and measuring the amount of the index 
cation by an appropriate analytical method. Every clay mineral group has a 
distinguishing range of cation exchange capacity values, the variation within each 
group being an expression of differences in extent of isomorphous substitution. The 
CEC of a particular sample is not an exact quality and depends on the method of 
determination and the pH. The higher level of CEC for clay minerals can be 
attributed to their large areas of external surface accessible to hydrated cations. There 
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may be some error encountered when measuring the CEC of a sample due to 
dissolution of soluble salts such as CaCo 3. 
4.10.1 Experimental Methods 
The method of determining the CEC was described by Wilson (1987) and lnglethorpe 
et al. (1993). The apparatus and reagents used in the procedure were LC.P. 
centrifuge, centrifuge tube, ultrasonic disperser, reciprocating shaker, ammonium 
acetate (analytical grade) and distilled water. The exchangeable cations were released 
from the clays by ammonium acetate as follows: 
1. 75 grams of ammonium acetate were dissolved in 1 litre of distilled water and 
adducted to pH with a few drops of dilute sulphuric acid. 
2. 4 gram of representative clay sample was placed in centrifuge tube and 33 rn1 of 1 
M ammonium acetate solution was added. 
3. The centrifuge tubes with the contents were put on a reciprocating shaker for one 
hour and then centrifuged for 15 minutes at 2000 rpm. The supematant solution 
was then decanted into a 100 ml volumetric flask. This step was repeated a further 
two times. 
4. The exchangeable cations were determined in solution using LC.P. 
The cation exchange capacity was then calculate using the following equation: 
M2= (V*C)J(10000*Ml) 
=CJIOO 
CEC (MeqJIOOgm)= (M2JA)*1000 (4.8) 
Where: 
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M2: Exchangeable cation content of clay 
V: Volume of solution (ml) 
Ml: Weight of clay (gm) 
c: Cation concentration solution (ppm) 
A: Atomic mass of cation 
4.10.2 Specific Surface Area 
Surface area is detennined by measuring the amount of liquid or gas required to cover 
the surface of the soil (Y ong and Warkentin, 1966). The method applied in this 
research was based on the weight of ethylene glycol adsorbed as monomolecular 
layer on the clay surface. The method for this test was described by Inglethorpe et al. 
(1993), using 2-ethoxyethanol (ethlene glycol monoethyl ether (EGME). 
The following is the equipment and reagents that were required to conduct the 
specific surface area: 
1. A vacuum pump connected with desecrator 
2. A balance readable and accurate to 0.001 gm 
3. Five aluminium dishes 
4. A supply of granular anhydrous calcium chloride (Ca CI 2 ), desiccant, GPR grade. 
5. Dropper pipette 
6. Anhydrous phosphorus pentoxide (P 205)' GBR grade. 
7. 2-ethoxyethanol (ethylene glycol monoethyl ether (EGME), Analar grade 
8. Control sample- pure Ca-montmorillonite standard. 
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4.10.2.1 Experimental Methods 
The aluminium dishes were weighted for four decimal places in grams. The weight 
was recorded (Ml), and approximately 1.1 grams of clay was added to each dish 
including the control sample (M2). A container of 70 grams of anhydrous 
. .".. ., '. 
phosphorous pentoxides was placed in the bottom of the desiccator and the desiccant 
tray cover was replaced. The five dishes were arranged in order 1,2,3,4, and 5 around 
the circumference of the tray cover and the desecrator lid was replaced. The vacuum 
pump was used to evacuate the desecrator for 45 minutes and allowed to stand for 4 
hours. The air-inlet was then opened slowly and the vacuum was released gradually. 
The dishes were weighted immediately (M3 1 SI) and the dishes were retumed to the 
desecrator which was again evacuated for 45 minutes and allowed to stand overnight 
under vacuum. Next morning the vacuum was released gradually and the dishes were 
immediately weighted. Approximately 3 ml of EGME was added to the dry clay in 
each dish and the anhydrous phosphorous pentoxide was replaced by a tray 
containing dry calcium chloride. The lid of the desecrator was replaced and the 
sample allowed standing for two hours. After that, the pump was evacuated for 15 
minuets with the air ballast setting of the vacuum pump turned on, and 45 minutes 
with the air-ballast tumed off and allowed to stand overnight under vacuum. Next 
morning the vacuum was released gradually and the dishes were weighed rapidly 
(M4). The surface area of the samples was then calculated from the following 
equation: 
Surface area = 
M -M (4 310_1 )/G 
M 3Iowest - M 1 
(4.9) 
Where: 
Ml: Weight of dish (gm) 
M2: Weight of dish+sample (gm) 
M3: Weight of dish+dry sample (second weighting) (gm) 
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M4: Weight of dish+dry sample+EMGE (gm) 
G: Weight of EMGE required to form a monolayer over 1 m 2 of surface= 
2.8*1O-4 gmlm 2 
4.10.3 Carbonate Content 
The rapid titration method from Hess (1972) was used to determine the carbonate 
content of all soil. This method is suitable for the routine analysis of samples where 
an accuracy of about 1.0% is sufficient (Hess, 1972). 
4.1O.3.1Experimental Methods 
5g of soil was placed into a 250 cm 3 tall-form beaker. 100 ml of 1.0 M hydrochloric 
acid (HCl) was slowly added from a burette. The beaker was covered with speedy-
vap clock glass and allowed to stand and stirred occasionally for 1 hour. After all the 
sediment had settled and clear liquid was obtained, 20 ml of the supematant liquid 
was then pipetted into a conical flak with 6 drops of bromthymol blue indicator 
solution and titrated with 1 M sodium hydroxide (NaOH). A duplicate of each soil 
was set up by titration of 20 ml of original acid, HCl with 1 M sodium hydroxide 
using bromthymol blue indictor. 
When the bromthymol blue indictor showed a yellowish colour, then it was added to 
the blank and soil solution. In the blank, the yellowish colour changed to blue with 
the addition of NaOH. Meanwhile in the soil solution, the colour changed to greenish. 
% CaCO 3 = (Blank titre-Actual titre) x 5 (4.10) 
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4.10.4 Attenuation Characteristics via Batch Equilibrium Tests 
4. 10.4. llntroduction 
Batch Equilibrium Test is designed in this research in order to study and measure the 
attenuation characteristics of clay samples. This'was based on the adsorption of heavy , 
metals such as Pb, eu and Zn by various soil samples that were collected from 
Northwest Libya. The outcome results will show the attenuation quality of the soils 
tested that may be proposed to be use as a future landfilllining system. 
The study of the attenuation of various heavy metals by soil suspension was 
undertaken using the effective method of the batch equilibrium test (BET). The batch 
equilibrium test is cost effective and quicker than any other methods such as leaching 
colunm test that are used to study the attenuation characteristics of clay soil. 
The main advantages of using the batch equilibrium test are: 
1. BET uses the sample in the form of a soil suspension 
2. In the BET test, the soil suspension is exposed to the contaminants for only 24 
hours by shaking 
3. The contaminant solution used in the BET consists of single ion or a mix of three 
to four ions 
4. All clay surfaces available for sorption are exposed and the amount of adsorbed 
contaminant is significantly greater than that obtained in other attenuation tests 
such as the leaching colunm test 
According to Jessberger (1997), the batch equilibrium test can provide a quick 
method of comparison to other methods such as leaching colunm test estimating the 
maximal contaminant retention capacity of any liner material. It also represents 
extreme test methods, since the experimental technique completely destroys the soil 
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structure (soil suspension). Figure 4.7 shows the Bath Equilibrium test procedure that 
has been followed in this research. 
The reason for choosing the heavy metals (lead, copper, and Zinc): 
1. Toxicity: the heavy metals are highly toxic to humans, animals and aquatic 
life a higher concentration, lead, cadmium and mercury. 
2. Availability: The heavy metals are found in (MSW wastes and industrial 
waste) leachates 
3. Mobility: the heavy metals cover the whole scale of mobility, from the less 
mobile such as lead (Pb), through medium mobile (eu) to very mobile (Zn) 
(Fuller, 1977). 
4. 10.4. 2 Theory of soil adsorption 
In any adsorption study, the quantity of ions adsorbed is usually measured as a 
function of adsorbate (contaminant) concentration in the medium surrounding the 
adsorbent surface (soil particles). It is generally desirable to fit the adsorption data to 
adsorption isotherm equation so that parameters associated with adsorption isotherm 
can be calculated, and to facilitate comparisons and correlation with other data 
(Griffin and Shimp, 1978). 
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Solution with specified 
concentration of contaminant for 
adsorption test 
1 "blank", other batches with varying 
concentration C n of contaminants 
I Blank I ~ ~ 
~ ~~ 
Liquid-solid separation for 
determination of concentration of 
contaminants adsorbed by soil 
particles 
mixed 
with 
Batch 
Testing 
• 
Air-dried soil 
samples 
Soil solution 
To obtain 
Adsorption isotherms 
Equilibrium concentration 
Figure 4.7 Batch equilibrium test procedure for determination of adsorption 
characteristics of clay sample, (Y ong, 2000) 
The BET is used to determine the adsorption characteristics of various clay materials; 
the results of the test are plotted in terms of their adsorption isotherms. The isotherms 
will be fitted to three major adsorption isotherm equations and tested using the inner 
correlation coefficient (r 2). The amount of the Pb, Cu and Zn removed from the 
solution per gram of soil sample (mg/g) at pH 2.5- 3.0 after 24 hours of testing can be 
computed using the following equation: 
(Co -C).v 
q (M X 1000) (4.11) 
q is the amount of contaminant removed from solution (mg/g) 
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Co is the concentration of contaminant in the solution before mixing with the 
soil (mgll) 
C is the equilibrium concentration of contaminant left in the solution after the 
experiment (mgll) 
V is the volume of solution in the centrifuge tube = 40 ml 
M is the mass of soil in the tube = 4g 
The amount of contaminant from (q) is also the amount absorbed by the soil particles. 
The q value calculated was termed the adsorption mass ratio by Yong et al. (1992). 
By repeating the tests at other concentrations of the constituent at the same 
temperature (hence the name, isotherm), a relation between sorbed mass of the 
constituent and the equilibrium concentration was obtained. Such isotherms may 
assume several shapes; linear, concave and convex, or any combination of these. 
The adsorption isotherms were produced by plotting the amount of heavy metals 
removed (sorbed) from metal nitrate solution (q in mg/g) against the equilibrium 
concentration of heavy metals in the solution (C in mgll). Experimental data were 
fitted to the adsorption isotherm equation for comparison and correlation of the 
associated parameters. 
Theoretical equations are generally used to fit these experimental isotherms. Three of 
the common adsorption equations available from the literature are used to 
demonstrate the relation between the equilibrium concentration of the suspension and 
the amount of sorbed by the soil: 
Henry linear model (straight line) 
Freundlich model (parabola) 
Langmuir model (hyperbola) 
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4.10.4.3Henry adsorption model (constant linear model) 
The simplest model is given by: 
(4.12) 
Where: 
q is the concentration of adsorbed species or sorption capacity, 
C is the equilibrium concentration in the solution 
K d is a constant called the partitioning or distribution coefficient. 
The sorption process is modeled as linear and reversible and the contaminant 
removed from solution (q) is proportional to the concentration in the solution. 
This simplest equation holds only at a low concentration of contaminants. At higher 
concentration the sorption is always non-linear and more complex, therefore 
alternative models such as Freundlich and Langrnuir isotherms must be used (Rowe 
et al. 1995) The linear plot of equation (4.2) is shown in the Figure (4.8) below, 
where the heavy metals removed from the solution (q) are proportional to the 
equilibrium concentration left in the solution (C) . A plot of (q) against (C) will give a 
straight line if this equation is valid. 
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Amount of contaminant 
removed from solution, q 
Concentration in solution, C 
Figure 4.8. The adsorption isotherm for a linear model 
4.1O.4.4Freundlich Model 
This model is defmed by the equation below: 
q=KC' (4.13) 
Where, K and n are constants. This model allows unlimited adsorption but provides 
improved agreement with experimental data compared to the constant adsorption 
model. 
The Freundlich equation 5.3 can be rearranged into a linear form 5.4 and the 
parameters K and n can be calculated. 
In q=lnK=l!n In C (4.14) 
A plot of adsorption data, between In q against In C, will produce a linear graph 
shown by Figure 4.9 below: 
n>1 
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1 
n<1 
q -----
Q=KC" n 
nq In q=ln K+llln C 
c c 
Figure 4.9 The Freundlich adsorption isotherm and a linear plot for parameters 
determination. 
The Frundlich equation is the oldest of non-linear sorption equations and has been 
used widely to describe solute retention by soil. The Freundlich equation does not 
provide definitive information about the actual processes involved, since the equation 
is capable of describing data irrespective of the actual retention mechanisms. 
Therefore, parameters K and n are best regarded as descriptive parameters in the 
absence of independent evidence concerning the actual retention mechanism 
(Buchter, et al. 1989). The Freundlich equation has the limitation that it does not 
predict the maximum adsorption capacity (Bohn et al. 1979). 
4.1O.4.4The Langmuir model 
This model is given by the equation 
q=Kb/(1 +KC) (4.15) 
Where (q) and (C) are as explained above; b is the adsorption maximum, and K is a 
constant related to bonding energy of the adsorption to the adsorbent. The model 
assumes that:-
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1) Adsorption energy is constant and independent of surface coverage; 
2) Adsorption occurs at localised sites with no interacting between various ions 
in the solution; 
3) Maximum adsorption occurs when the clay surface is covered by monolayer' 
of cations. 
The Langmuir equation 5.5 can be rearranged into a linear form as shown in equation 
5.6 by plotting C/q as a function of C as illustrated in Figure 4.10. Parameters K and 
b can be determined from the linear graph. 
C/q=lIKb+CIb (4.16) 
All the models discussed above only consider one way of ion adsorption, without 
considering the desorption of other ions when the ion-exchange mechanisms occur. 
According to Rowe et al. (1995), in ion-exchange mechanisms the cations such as K, 
Na, Pb, Cd, Fe, Cu etc. replace another cations (e.g. Ca, Mg) on the surface of the 
clay. The use of simple equations is however, appropriate for the purpose of this 
study, to investigate the difference in adsorption capacities of various soils from 
Northwest Libya. 
The advantage of using the Langmuir equation for describing the adsorption is that it 
defines a finite limit to adsorption on a given array of sites that meets the Langmuir 
model criteria. Many researchers in order to estimate the total adsorption capacity of 
soils for various adsorbates have used this capability of the equation. Comparing such 
capacities can suggest adsorption mechanisms (Bohn et al. 1979). 
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C/q=lIKb+CIb 
q" • 
q=Kb/(1+KC) 
C.lq 
h 
C C 
Figure 4.10. The Langmuir adsorption isotherm and a linear plot for parameters 
determination 
4.10.4.5Batch Equilibrium Test Procedure 
Many references have described the method of using batch equilibrium test (Y ong, et 
aI, 1992; Mohamed et al.; 1998; Adamcova, 2002). An exact amount of copper, zinc 
and lead nitrate was weighted into a 250 ml glass beaker. About 200 ml of distilled 
water was added and the solutions were mechanically stirred using a glass rod until 
all salts dissolved completely. The pH of the solutions was measured and nitric acid 
(HNO 3) added if necessary to reach a pH of 2.3 to 3.0. The solubility of the heavy 
metals in the system increased with the acidity (Hesse, 1972), which also increased 
the mobility of these cations in reactions to react with the soil particles. It was also 
important in order to prevent any accumulation of heavy metals due to precipitation 
by the alkaline side of the soils tested. The solutions were then transferred into a 250 
ml volumetric flask and were topped up with distilled water. The flasks were then 
shaken several times to homogenise the solution before use. The pH of the solutions 
was then measured prior to mixing with the soils. The Table (4.2) below shows the 
amount of metal nitrate needed to produce 250 ml of solution. Four grams of each 
soil sample was weighed into 50 ml Nalgen centrifuge tubes. 40 ml of the solution 
was then added to the tubes. The tubes were then shaken for 24 hours to reach the 
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equilibrium. After mixing and the equilibration period, the samples were centrifuged 
at 3000 revolutions per minutes and the supernatants were collected and stored in 
small plastic bottles. The equilibration pH was also measured to obtain the changes in 
pH values after mixing with the soils. Control solutions were also prepared by 
repeating the same procedure but without. any. soil. The supernatants were. then 
filtered using a geomembrane filter (<0.2 urn) if necessary, and analysed for metal ins 
left in the solution. The solutions produced were analysed using Atomic Absorption 
Spectrometer (AAS). Triplicates were prepared for each concentration to ensure the 
test result accuracy. 
Concentration (mglI) Amount in gram needed to make 250 ml solution of heavy 
metals 
Pb Cn Zn Mix (Pb+Cn+Zn) 
500 0.1998 0.4752 0.5687 (0.199+0.475+0.568) 
1000 0.3996 0.9504 1.1374 (0.399+0.950+ 1.137) 
2000 0.7992 1.9003 2.2748 (0.799+ 1.900+2.274) 
3000 1.1988 2.8435 0.9990 (1.198+2.843+0.999) 
4000 1.5984 3.8016 4.5496 (1.598+3.801 +4.549) 
Table 4.2: Solution preparation for Batch Equilibrium Test 
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4.11 Summary 
This chapter presented the methodology techniques that have been conducted in this 
research to obtain the results that can be used to assess the suitability of the arid soil 
that represent by the Libyan clays. Experimental work was chosen based on the 
. .•...•. -" • I' • ,. • 
detailed literature review that focuses on potential use of the natural clays as landfill 
lining system. The physical and chemical experimental work were found to be the 
most appropriate tests that could be conducted to assess the Libyan soil for their 
suitability as a landfill liner. The' physical experiments show the classification of the 
soil and its engineering behaviour in terms of their suitability as a landfillliner, whilst 
the chemical properties showed the attenuation characteristics of the tested soil. 
It can be concluded that the main methodology objectives were achieved; to evaluate 
the current testing methods with respect to clay lining system, and to establish 
whether the North West Libyan clay had the potential to be use as a lining system for 
future landfill sites. 
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CHAPTER FIVE 
WASTE DISPOSAL PRACTICE IN LmYA- IMPACT 
5.1 Introduction 
Handling of solid waste has been a serious problem for all the countries in all over the 
world and particular in developing countries. Increase in the population; change in the 
life standard and life style and the production of new products all contributed to the 
increase of the amount of solid waste and consequently the problems generated by 
them. 
Waste disposal management in Libya is far from what is other developed countries are 
using. Till now, the use of very basic way of dealing with the disposal of waste in 
Libya is the only way of waste disposal. Dump in open site is widely used in all cities 
and in farming area in the country or burning of waste in open air is also common way 
of waste disposal. This practice in Libya caused wide spread of environmental 
pollution, this lead to groundwater contamination. The miss- management waste 
disposal is also causes air and soil pollution (El-Treaky, 2002). This chapter highlights 
the results of the waste disposal practice in Libya, and trying to address the current 
situation and pollution problem. The proposal of a suitable solution to prevent the 
pollution problem by construction a simple and affordable a proper engineering 
landfIll using clay landfIllliners is required. 
5.2 Waste disposal practices in Libya 
Uncontrolled dumping of waste in Libya involves the process of dumping wastes at 
designated site around the cities without any forms of environmental control measures. 
This is not a disposal option, it is has high risks, and it might causes a serious 
environmental problems as mentioned early because it is frequently occurring. 
130 
-------- -----
Until recently, little attention has been paid to the development of appropriate design 
and management of landfills in Libya. Its really hard to say that Libya has a waste 
disposal industrial as in practice there is no waste disposal industrial as its exit in the 
developed counties. Currently, all the solid waste is dumping in open sites, in small 
town, waste being dumped in an open area or even along the roads. There is no 
incineration or composing industry in Libya. This practice causing wide .. spread of 
pollution, and this needed urgent action to solve this problem. This research is trying 
to proposal a suitable solution by proposing a construction of engineering landfill 
using clay liners 
5.3 Current Practice 
Solid waste management in Libya is characterized by poor quality collection and 
disposal services. Commercial, industrial, hospital, hazardous and household wastes 
are mixed together without any kind of separation, treatment or recycling. Most 
recoverable material such as plastics, paper and gloss are destroyed rather than 
separated and recycled for waste reduction and economical use. 
Open dump sites are the common practice for solid waste disposal in Libya. There is a 
large quantity of solid waste produced in Libya as mention in Chapter two early in this 
research. Currently, all the produced wastes in Libya are disposed of in very large 
open sites around the cities or in the farming area without any for form of protection. 
The local authorities in Libya such as cities councils and environmental agencies 
having a great problem in how they can solve the increase problem of pollution that 
resulted from the current practice. The dramatic increase of waste production makes 
the problem more difficult to resolve. For example in the year 1999, the generation of 
the solid waste in Tripoli only was about 8800 ton! year while in 20002, it is increased 
very dramatically to reach 1 300,000 ton! year. 
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5.4 Environmental Issues 
As a result of the current waste disposal practice and the miss-management of waste 
disposal in Libya. This has lead to a serious environmental pollution problem. These 
include the contamination of groundwater, air and soil. . 
, -. .' ~-' .. ' .~ ..... 
5.4.1 Groundwater pollution 
A previous study into some waste disposal sites in industrial countries (Klink, 1994; 
Klinck et aI, 1995) identified landfill leachate as posing a serious pollution hazard to 
groundwater due to the common and widespread practice of waste disposal to open 
sites or unlined sites. This kind of practice is used almost in all low income countries 
included Libya. It is strongly believe that Libya is suffering from similar pollution 
problem that caused by leaving the waste without any form of protection. This source 
of pollution is severely damaging the ground water and environment, then as 
consequences can damage public health. 
Leachate is the solution generated in a landfill due to the release of moisture during 
waste decomposition combined with components dissolved in rainwater. During the 
waste decomposition a number of processes lead to the production of a liquid product, 
landfill leachat. The leachate is highly mineralized mixture of inorganic and organic 
compounds consisting of four principle groups of pollutants (Christensen, et al. 1994) 
• Dissolved organic matter expressed either as chemical oxygen demand (COD) 
or total organic carbon (TOC), it includes methane and volatile fatty acids 
(VFAs) 
• Anthropogenic organic compounds derived from industrial and housed hold 
waste, e.g. aromatic hydrocarbons and phthalate esters. 
• Inorganic macro components, e.g. calcium, sodium, potassium, chloride, 
ammonium, sulphate and bicarbonate. 
• Heavy metals, e.g. chromium, copper, nickel, lead, manganese and cadmium. 
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Some of these components if present in sufficient quantity are highly toxic. For 
example the kidney is the main target organ for cadmium, which causes damage to 
renal cortex. Di-ethylhexyl phthalate (DEHP) on the other hand, derived from the 
leaching of plastics, is carcinogenic at the microgram per liter level and is also 
considered to be an endocrine disrupter due to its possible oestrongen mimicking 
capability. .. 
Conventional toxicity tests have been used to demonstrate that leachate from domestic 
waste are significantly more toxic than those produced from industrial wastes, 
Clement et al. (1996). The most toxic leachate was found to be those deriving from 
mixed industrial and domestic wastes, which are typical of Libyan situation. Using a 
conservative approach to estimating a predicted no-effect concentration indicated that 
a leachate dilution of 10,000 times required achieving an innocuous effect on 
environmental biota. 
In the context of Libya, there is no published data on leachate quality or production. 
Because of the high organic content of the wastes generated by developing countries 
in general, leachate derived from them is strongly organic in character. 
Despite the climate in Libya being quite dry with only 200 mm of rainfall annually 
falling and the majority of falling during the winter months (chapter two) there is still 
a significant amount of leachate generated within the dumping waste. The leachate is 
directed to a lagoon down-slope from the waste face from where it mainly evaporated 
and infiltrates to the aquifers. 
Based on very limited data available it is suggested that there is an impact caused by 
the dumping sites of wastes by the elevated ammonium in the water wells around 
Tripoli. However, it has not been possible to quantitatively assess the impact of 
groundwater quality in Libya and hence the longer term human health risk because: 
• There is not adequate network of boreholes around the site designed specially 
for landfill performance monitoring. 
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• Consequently there is an inadequate knowledge of the local hydrogeology and 
hydraulic and aquifer property data required to parameterise contaminant 
transport models. 
• There is an unavailable data and knowledge of the leachate production rate. 
• It is suggested that in order to improve the understanding of dumping sites, . 
predict aquifer impact, the following measures is required 
• A regular progranune of groundwater analysis to establish temporal changes in 
water quality and monitoring of any traces of water contamination. 
• Local climate data should be assembled to carry out water balance calculations 
of the site, e.g. using the HELP model (Schroeder et al. 1994). 
• A purpose desigued monitoring network installed. 
• On borehole completion single well tests should be performed to determined 
hydraulic parameters for subsequent modeling. 
5.4.2 Soil and air pollution 
As mentioned early in this chapter and in chapter two, the most common waste 
disposal practice in Libya is the collection of all kind of waste and then dumps it in 
very large sites around the cities, and more often they set a fIre in that waste. The 
uncontrolled burning process leads to a long-term pollution problem to the air by 
increasing of CO2 in area around those sites. This is un-enviromnental friendly 
practice, and causes breathing problem to the people in that area, and its believe that 
Asthma is most common disease among new borne babies in that area (Libyan 
General enviromnental Agency, 2002). It is very serious enviromnental problem. This 
also makes the soil very polluted from ash and other pollutants. During my fIeld study 
to these sites. The author notice that most of trees are completely killed because of 
accumulation of large quantity of ash on trees leaves and prevents the sunshine from 
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reaching them. It was very sad scene! This current situation makes people life in that 
area is no more suitable and highly risky. 
The Libyan Authorities have very little control over this problem, there is no 
foreseeing solutions dealing directly with solid waste management. In some sites 
around Tripoli were shut down due to the high risk of public health that caused by 
inhaling much polluted air. As a result of pollution problem, there is growing pressure 
on the government and local authority to fmd a suitable waste disposal technique to 
reduce and control the pollution and hence protect public health. This research is one 
step to trying to introduce a suitable and affordable technique to be used to protect 
Libyan environment and people. 
5.5 Engineered landfill 
Landfill engineering is used to isolate of wastes from the environment until the waste 
are rendered innocuous through the biological, chemical and physical processes of 
nature (Qian, et aI., 2002). In developed countries, the degree of waste isolation 
required usually in much more complete than would be practical in developing 
countries. 
In order to be designated a proper engineering landfill; a disposal site must meet the 
following three general but basic conditions: 
• Compaction of waste 
• Daily covering of the waste with soil or other material to remove them from 
the influence of the outside environment 
• Control and prevent of negative impacts on the public health and on the 
environment. 
However, meeting all specific aspects may be technologically and economically 
impractical in many developing countries such as Libya. Therefore, the short goal 
should be to meet the more important aspects to the extent possible under the existing 
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set of technical and financial circumantances. The long-term goal should be to 
eventually meet all of the specific aspects of the design and operating conditions. The 
most important condition is the prevention of negative impacts on groundwater and 
public health. 
The use of natural clay liner as landfilllining system will be an ideal option to Libyan 
conditions in order to use proper engineering landfill in Libya that can affordable and 
simple. It is also can use the local material like natural clays for lining the site. The 
current situation in Libya needs urgent construction of such landfill to mininmise the 
pollution problem. 
5.6 Summary 
From the above discussion, it is clear that Libya waste management is not exit yet, and 
the current situation is very serious. There are urgent needs to construct a proper 
landfill engineering that can suit Libya condition without using very advance 
technology. The use of natural Libyan clays as lining system to the future landfill will 
be very ideal. 
Based on very limited groundwater data from unpublished reports there appears to be 
leachate impact producing from dumping waste in open sites without any form of 
protection. 
The soil and air is also pullulated due to the uncontrolled burning of waste for long 
time. This caused severe pollution problem for both soil and air of the area, and hen 
this effected the public health. 
The ideal and practical solution to the environmental pollution of Libya is by construct 
a proper engineering landfIll sites and use the simple and affordable technique by 
using natural clays to line the landfIiI. 
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Chapter Six 
VIABILITY OF CLAY LINERS 
6.1 Introduction 
Modem landfills are highly engineered containment systems, designed to minimize 
the impact of solid waste (refuse, trash, and garbage) on the environment and hnman 
health. In modem landfills, the waste is contained by a liner system. The primary 
purpose of the liner system is to isolate the landfill contents from the environment 
and, therefore, to protect the soil and ground water from pollution originating in the 
landfill. 
The greatest threat to groundwater posed by modem landfills is leachate. Leachate 
consists of water and water-soluble compounds in the refuse that accumulate as water 
moves through the landfill. This water may be from rainfall or from the waste itself. 
Leachate may migrate from the landfill and contaminate soil and ground water, thus 
presenting a risk to human and environmental health. 
The liner system acts as a barrier against the advection and diffusive transport of 
leachate solutes. Its main purpose is to isolate the solid waste and prevent 
contamination of the surrounding soil and groundwater. A liner consists of multiple 
barrier and drainage layers (Qian et al., 2002). The landfill liners may consist of a 
compacted clay layers, geomembrane, geosynthetic clay layer, and/or a combination 
of these. The liner system is the single important element of a landfill. In this chapter 
the suitability of the natural clay liners for Libyan conditions is addressed. 
6.2 Importance of clay liners 
The main objectives of the landfill clay liners are: 
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a) Clay liners are used to prevent leachate and or/ gas from migrating from 
the waste into the subsurface groundwater and surrounding environment. 
The release of leachate and gas should be limited to less than the 
maximum tolerable, determine by risk assessment. 
b) Control the ingress of groundwater and surface water to minimize the 
hydraulic loading on system. The ingress of groundwater and surface 
water should be limited as not to impose an excessive hydraulic loading 
on the capacity of the leachate drainage, collection and disposal or 
recirculation system. 
c) Provide a stable seal throughout the design life of the site. The design 
construction of the landfill will need to ensure the following: 
Structural integrity for side slope, bunds, base and 
capping! restoration system layers; 
Adequate load bearing capacity with no possibility, 
which may be detrimental to the lining and the 
leachate drainage and collection system. 
That the engineered seal is structurally stable and will 
remain so throughout construction, landfill operation 
and aftercare phases. 
Resistance to chemical and physical attack from 
waste and its degradation products. 
To serve adequately as clay liner, soil must have a low permeability (less than 10· 
9m/S) when compacted under field conditions (Rowe et al., (1997). After compaction, 
the liner should be able to support itself and the overlying material. The liner material 
should yield to handling by construction equipment. Finally, a clay liner material 
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should suffer no significant loss in penneability or strength when exposed to waste or 
leachate from the waste. Ideally, the compaction and penneability characteristics of 
the selected clays liner will be determined in this research by laboratory tests, so as to 
provide necessary infonnation regarding their suitability to the Libyan conditions. 
6.3 Types of Landfillliners 
The literature review showed that there is severallandfill liners are currently in use 
world wide, particularly in developed countries to contain the waste pollution and 
protect the ground waste and environment. These liners are 
6.3.1 Natural clay liner 
Natural clay liners (Figure 6.1) are widely used to line landfills. Single liners are 
sometimes used in landfills designed to hold solid waste and demolition debris. 
Construction and demolition debris results from building and demolition activities 
and includes concrete, asphalt, shingles, wood, bricks, and glass. Single-liner systems 
are usually adequate to protect the environment. It is cheaper to dispose of a 
municipal solid waste landfill because landfills use only a single liner and are 
therefore cheaper to build and maintain than other landfills liners, particularly in low-
income countries with a little experience and not enough highly trained staff to 
operate it. For the use of natural clay liners, most regulatory agencies require that 
compacted clay liners be designed to have a hydraulic conductivity of less than or 
equal to a specified maximum value. TypicaUy, clay liners used to contain hazardous 
waste, industrial waste, and municipal solid waste must have a hydraulic conductivity 
of less than or equal to 10.9 mls (Rowe, 1997). Its strongly believe that, this kind of 
landfill liners is the most suitable for Libyan conditions as its simple to use and also 
does not need highly sophisticated technology to build. It is also use local material, 
which is, available in sufficient quantities near the polluted areas. 
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Box 1: Exam pies of Single liner systems 
Waste Waste 
Protective Protective 
layer laver 
Sandlaravel sancmrrave. 
Recompacted 
clay Soil layer 
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" 
Leachate 
collection 
system 
Geomembrane 
Figure 6.1 Example of Single liner systems, (Hughes et al., 2003) 
6.3.2 Composite· Liner Systems 
There are situations where the type of waste, landfill size, local hydro geology and 
geotechnical conditions are such that the natural clay liner alone is not sufficient to 
prevent unacceptable contaminant impact at some time in the future. In this case, 
composite-liner may use. 
A composite liner consists of a geomembrane in combination with a clay liner 
(Figure 6. 2). Composite-liner systems are more effective at limiting leachate 
migration into the subsoil than either a clay liner or a single geomembrane layer. 
Composite liners are required in municipal solid waste (MSW) landfills. 
Municipal solid waste landfills contain waste collected from residential, commercial, 
and industrial sources. These landfills may not accept hazardous waste. The 
minimum requirement for MSW landfills is a composite liner. Frequently, landfill 
designers and operators will install a double liner system in MSW landfills to provide 
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additional monitoring capabilities for the environment and the community. It is also 
provide a cost effective means of gaining the environmental protection required. 
6.3.2 Geomembranes 
A geomemebrane (also known as a flexible membrane liner or FML) is one of the 
major five types of geosynthetic products used in landfill engineering (the others 
being geosynthetic clay liner, geonets, geotextile, and geogrids) (Figure 6.3). 
Geomemebrane are relatively thin sheets of flexible thermoplastic or thermoset 
polymetric materials that are manufactured and prefabricated at a factory and 
transported to the site. They are placed directly on the subgrade or another 
geoynthetic and seamed accordingly. Because of their inherent impermeability, 
geomemebranes have been widely used as landfill liners or covers (Shah, K. L. 
2000). The primary function of a geomembrane in landfill engineering is as a liquid 
and orl vapor barrier. This type of landfill liner even is widely used in developed 
countries, its still far from been used in Libya as it is need highly qualified people for 
its construction and also for its maintain which is not available at the time being. 
Box 3: Examples of double rmer systems 
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Figure 6.3 Example of Geomembrane liners (Hughes et al., 2003) 
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There are other types of landfillliners could be use as landfill lining system such as 
Asphalt liners, and geosynthetic clay liners. In the literature review, these types of 
liners were covered extensively. 
6.4 Libyan Conditions 
Libya is characterized by semi arid - to arid climate with 250 to 300 mm annul 
rainfall. The amount of the rainfall, as well as the timing and the intensity, are very 
important consideration. For example, if rainfall is seasonal, the amount of rainfall 
during wet season may be in such magnitude as to allow significant infiltration even 
though the average rainfall may be relatively low. The highest rainfall occurs in the 
Northern cost of the country (Tripoli region, and Benghazi region): these two areas 
are the only ones where the average yearly rainfall exceeds the (250 to 300 mm), 
(pallas, 1980). The rainfall in Libya occurs during the winter season and shows an 
extreme variability from year to year and from place to place. For example in Tripoli 
area, the average rainfall is 350 mm! year and less than 100 mm!year in the plain area 
south of Tripoli, (Kruseman et al., 1980). lbis kind of extreme rainfall during winter 
season can help to generate a considerable amount ofleachate from uncovered waste. 
It is also believe that such rainfall could be the main source of groundwater pollution 
and environment in Libya. 
These climatic conditions in Libya can be an ideal situation to use naturaJ clay liner 
for landfill as its not very wet all the year but at the same time still be able to generate 
leachate and causing real threat to the groundwater resources and environment. 
6.5 Availability of Libyan natural clays 
The previous studies and research for naturaJ resources in Libya showed that clays 
are deposited in many places around the country in sufficient quantities (chapter tow). 
This clay is currently widely used in different industrial uses such as bricks, cement, 
and ceramics. But till now no research has been conducted for the use of the 
This clay is currently widely used in different industrial uses such as bricks, cement, 
and ceramics. But till now no research has been conducted for the use of the 
suitability of this clay for it is use as landfill liners. However, of the available of the 
natural clays near the highly populated area is making it very convenience and Iow 
cost. The transport cost becomes an important consideration if off-site material is". 
used. 
Advantages of using natural clays: 
a) It is availability on site or very close to the landfill construction 
b) Can be used in near vertical situations 
c) Resistant to puncturing because of its thickness 
d) Technique for handling are common civil engineering practice (though 
close supervision and testing are required) 
e) Requires no special jointing 
f) It is cheaper local resources than alternatives, but depends on local 
availability .. 
If the local clays meet the necessary specifications that are used for the construction 
of clay liners, then, the use of natural clays at the facility site would be the most 
convenient and cost effective approach. In most cases, a haul of any appreciable 
distance would be impractical. Regarding the local clays availability, the studies for 
the local material that might be used as potential clay liners showed that sufficient 
clay material are available locally. These material needs to be assessing in order to be 
able to use it as landfill liners in Libya. 
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6.6 Suitability of natural clay liner 
Inadequate final disposal (open dumping) of solid waste thrives of the mistaken belief 
that is it the cheapest disposal method. Dumping of large quantities of waste near the 
cities in Libya without any fonn of protection will inevitable causes biological and 
",.' ."' "."<": •••• .- '. '. '. 
chemical contamination to groundwater, and environment. Soluble or suspended 
contaminates in water leaking from the dumping sites will enter surface water 
resources and the groundwater. Contamination may then directly affect the drinking 
water supplies and aquatic food chain. Grazing animal on dumps can pass on disease 
via the terrestrial food chain, as well as by pass by pets through infestation. 
To protect the groundwater sources and the environment from waste contaminants, 
clay liners are constructed as a simple liner that is two- to five-feet thick. In 
composite and double liners, the compacted clay layers are usually between two- and 
five-feet thick, depending on the characteristics of the underlying geology and the 
type of liner to be installed. Regulations specify that the clay used can only allow 
water to penetrate at a rate of less than 1.2 inches per year. The effectiveness of clay 
liners can be reduced by fractures induced by drying out due to the high temperature 
and the presence of some chemicals. 
In theory, one foot of clay is enough to contain the leachate. The reason for the 
additional clay is to safeguard the environment in the event of some loss of 
effectiveness in part of the clay layer. Laying the clay down in four- to six-inch layers 
and then compacting each layer with a heavy roller can maximize the efficiency of 
clay liners. 
There are several guidelines that give full list of specifications that are required to be 
achieved by a clay liner. This documents deals specifically with those issues relating 
to the design, construction and verification of clay liner whose primary function is to 
control of pollutants arising from wastes in a landfill environment. The following 
paragraphs give a list of specifications that need to be satisfied with respect to 
assessing a potential natural clay liner. 
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The literature reviews suggest that clays to be used as landfill liners are required to 
meet the following basic criteria: 
1- Primary Properties 
a) Low hydraulic conductivity 
b) Moderate to high shear strength 
2- Secondary Properties 
a) Plasticity 
b) Workability 
c) Low Shrinkage 
d) Adequate chemical resistance 
e) Low dispersivity 
f) Adequate attenuation/retardation capacity 
In addition to the above properties, the minimum requirements also specify that the 
hydraulic conductivity of the liner must not exceed 1O-9m!s, that this low hydraulic 
conductivity is maintained over long periods of time and that the minimum liner 
thickness is LO m_ Expanding the above statements, the main material properties are 
given minimum values which is taken from Daniel (1993) and include: 
• Percentage fmes (particles less than 0_075 mm) greater than 20 to 30 % 
• Plasticity Index greater than 7 to 10 % 
• Percentage gravel (particles greater than 4_76 mm) less than 7 to 10 % 
• Maximum particle size 25 to 30 mm 
When in the process of evaluating a potential clay liner source a high frequency of 
classification test results should be carried out to help provide a better understanding 
of the type and variability of the material, and give an indication of how many other 
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tests should be conducted. Testing frequency should depend on the homogeneity of 
the source material, (NWWRO, 1996). 
6.7 Summary 
The purpose of installing of a: landfill liner is to control the release of leachate from 
dumping waste into the ground water and also to protect the environment. There are 
several types of landfillliners commonly used worldwide to do this: 
a) Single clay liner 
b) Composite liners 
c) Geomembrane 
d) Asphalt liners 
It is can be concluded that, the use of natural clay liners are still suitable for in 
containment, either on their own or in conjunction with geomemebrane or to fonn a 
composite liner. It is also shown that the availability of large quantities of natural 
clays in Libya can make it more appropriate option to be use for landfill clays liner, 
where is there is no need to import high expensive material to build it. 
Current research suggests that an efficient and detailed laboratory evaluation of the 
local resources (clays) to be used is imperative in ensuring the suitability of the 
material to the local conditions. 
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CHAPTER SEVEN 
FURTHER INVESTAGATION 
7.1 Introduction 
This chapter introduces the results that have been obtained from the experimental work that 
was conducted in this research. This is include mineralogical analysis of the clay soil which 
was performed using X-ray diffraction, physical and chemical properties that may affect the 
properties of landfillliners are also presented. These results will demonstrate the Libyan soils 
behaviour in terms of its use as potentiallandfillliners. 
7.2 Mineralogical Analysis 
7.2.1 X-ray Diffraction Results 
The results of the clay mineralogy for this research based on the interpretation of X-ray 
diffraction are presented in Appendix A. The clay mineralogy of soil samples BU I, BU Ha, 
BUIIb, GMa, and JEF were identified based on every diffraction pattern to each sample. 
The diffractrogarm shows that the samples contain the foJlowing minerals: 
Kaolinite 
Illite 
Quartz 
Feldspar 
Minor unidentified minerals 
Different treatments (heating to 550°C and Ethylene glycol solvation treatments) have been 
undertaken in order to verify the clay minerals in each sample. 
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7.2.2 Quantitative analysis 
The results of the semi-quantitative analysis of the tested clay samples are shown in Table 7.1. 
In this thesis estimates based on the ratio of peaks intensities was used to compare XRD traces 
of the clay minerals. 
Sample 
Name 
BUI 
BUlla 
BUIIb 
GMa 
JEF 
Mineral % 
mite Kaolinite Smectite Quartz Feldspar 
25 48 25 2 
20 50 26 4 
22 43 30 5 
35 45 18 2 
45 26 5 23 1 
Table 7.1 Semi-quantitative analysis oftested samples 
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7.3 Physical Properties Analysis 
Physical characteristics designed to obtain the physical properties of Libyan clays, which may 
influence the capability of the compacted soil to achieve minimum hydraulic conductivity 
required for landfill lining system. 
7.3.1 Moisture Content 
The results of moisture contents are shown in Table 7.2. It is clear that the moisture contents 
are generally low for all samples comparison to the moisture content of British soil. This is 
because of the effect of the hot weather that dominated the arid areas. Moisture content values 
are very important factor that can affect the clay liners construction in arid and semi-arid 
regions. The moisture contents are also important especially during the construction stages 
where the soils need to be compacted to achieve the hydraulic conductivity criteria. If the 
natural moisture content is less than that for optimum permeability it should be adjusted by 
wetting and if it is higher, the soils need to be dried (UKDOE, 1995). 
Sample Name Average of Moisture content (%) 
BUI 3.9 
BUlla 11.8 
BUllb 12.0 
GMa 5.9 
JEF 7.0 
Table 7.2: Moisture content valuesfor clay samples 
149 
7.3.2 Particle Size Distribution 
The particle size distribution tests were carried out according to BS (1377: part 2: 1990: 9). For 
each sample the tests were repeated three times. Averages were taken, and quoted as sample 
value for each test. If particular test results were more than 5% out of the mean the test was 
repeated. However, all particle size distribution tests were within error margin, so repeats test 
were not necessary. Table 7.3 shows the percentage of clays, silts and sands in the tested 
samples after particle size analysis. 
The obtained results of particle size distribution for each sample are plotted on a 
semilogarithmic curve of particle sizes against cumulative percentage passing, Figure 7.1 The 
clay content is very important factor, and it is form one of the recommended regulatory 
requirements. 
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Sample Sand % Silt % Clay % 
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BUI 42.2 8.9 0.5 8.1 23.1 4.8 11.8 
40.0 41.1 9.2 9.0 0.6 0.5 8.3 8.2 23.1 23.2 6.8 5.5 12.0 11.9 
41.1 9.0 0.4 8.2 23.6 5.1 12.0 
BUlla 18.6 26.9 3.7 8.2 17.3 19.3 5.6 
18.6 18.6 26.4 26.6 4.5 3.9 8.2 8.1 17.2 17.2 20.0 19.6 5.6 5.6 
18.8 26.7 3.6 8.0 17.2 19.6 5.8 
BUIIb 25.5 25.0 2.2 2.7 7.1 24.8 12.6 
23.8 24 23.7 23.8 2.3 2.2 2.1 2.1 7.6 7.6 27.7 26.3 12.8 12.6 
22.7 22.9 2.3 1.6 8.3 26.6 12.5 
GMa 38.7 10.6 0.5 4.0 4.7 28.0 12.4 
39.5 39.0 8.8 9.3 0.4 0.4 4.6 4.4 4.2 4.4 29.7 29.2 12.5 12.5 
39.0 8.6 0.3 4.6 4.5 30.0 12.7 
JEF 43.4 12.2 0.8 23.0 4.0 0.3 16.2 
43.8 43.7 12.7 12.4 0.9 0.9 21.9 22.3 4.3 4.1 0.7 0.5 15.7 15.9 
43.9 12.4 1.0 22.2 4.0 0.5 16.0 
Table 7.3. The percentage by weight of particle size in examined samples 
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7.3.3 Atterberg Limits 
Atterberg Limits results are presented in Table 7.4. The Liquid Limit values were reported to 
the nearest whole number, as recommended by British Standard (BSI 1377). 
Sample LL% average PL% average PI% average 
BUI 33.0 19.0 14.0 
32.0 32.6 19.0 19.0 13.0 13.6 
33.0 19.0 14.0 
BUlla 40.0 19.0 22.0 
41.0 40.3 20.0 19.6 22.0 21.3 
40.0 20.0 20.0 
BUIIb 41.0 27.0 14.0 
41.0 41.0 26.0 26.6 15.0 14.6 
41.0 27.0 15.0 
GMa 45.0 18.0 27.0 
44.0 45.0 18.0 18.3 26.0 26.6 
46.0 19.0 27.0 
JEF 53.4 33.9 19.5 
53.7 50.8 34.8 32.4 19.0 18.2 
45.5 28.7 16.8 
Table 7.4. Atterberg limits values for four sample 
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7.3.4 Soil particle density 
In order to calculate the air voids lines for plotting on the compaction curves, the particle 
density test was conducted on the clay samples. The air voids become important as they are 
used as a method of assuring the quality of the liner when placed in-situ. 
The results of particle density on clay samples are shown in Table 7.5 below. The average 
particle density for all the samples came close to 2.70 Mglm 3 • This value can now used to 
calculate the 0, 5 and 10 % air voids lines for the compaction curves 
BUl BUlla Bmlb GMa JEF 
Test! 2.688 2.675 2.708 2.687 2.705 
Test 2 2.698 2.680 2.695 2.684 2.726 
Average 2.693 2.677 2.70 2.685 2.715 
Rounded 2.70 2.70 2.70 2.70 2.70 
Value 
Table 7.5 Results of particle density Tests 
7.3.5 Compaction Tests 
The relationship between dry density and water content results are shown in Table 7.6. The 
obtained results from compaction tests were plotted to produce compaction curves for each 
sample. 
154 
Sample: Test Optimum moisture content Maximum dry density 
(%) (Mglm 3 ) 
BUI: 2.5 kg 10.1 L99 
BUI: 4.5kg 9.75 2.05 
BUIIa: 2.5kg 13.4 1.88 
BUlla: 4.5 kg 8.0 2.15 
BUIIb: 4.5 kg 9.5 2.06 
JEF: 4.5kg 8.3 2.12 
Table 7.6 Compaction characteristics oftested samples 
Samples BUI and BUIIa, the 2.5 kg "light" and 4.5 kg "heavy" compaction tests were 
conducted, while all the other samples 4.5 kg compaction tests were used to analysis the 
characteristics of samples (BUlIb, GMa, and JEF). The compaction results for these samples 
are shown in Table 7.4, and the relation between dry density and water contents were plotted 
for each sample as presented in Figures 7.2 to 7.6. 
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7.3.6 Falling Head Permeability Tests 
- • . 5Kg-JEF 
- - Va-S% 
_. Va- 10% 
" 
The hydraulic conductivity of the soil s were tested using falling head permeability technique as 
described in the BSI, where the soil s compacted 3% higher than optimum moisture content at 
maximwn dry density. The hydraulic conductivity results are shown in the Table 7.7. 
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Sample Name Clay content % Hydraulic conductivity 
(10-7 mls) 
BUI 11.9 2.3 
BUlla 5.6 2 
BUIIb 
12.6 1.8 
GMa 12.5 
1.50 
, JEF 15.9 1.00 
Table 7.7: An average of hydraulic conductivity values for ail tested soil samples 
7.4 Chemical Characteristics 
Chemical tests were designed to obtain the chemical properties of the Libyan soils, which may 
affect attenuation capacity of the material with regard to potential landfill leachate 
contaminants. The results of chemical properties for tested samples are important to assess the 
capability of the soil to attenuate the contaminant. The chemical tests involved in this study 
were specific surface area, cation exchange capacity, carbonate content, and attenuation 
characteristics via Batch equilibrium tests. 
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7.4.1 Specific Surface Area (SSA) 
Surface area is determined by measuring the amount of a liquid or gas required to cover the 
surface of the soil. The results of specific surface area are listed in the Table 7.8. 
Samples 
BUI 
BUlla 
BUIlb 
GMa 
JEF 
Average of Specific Surface 
Area (SSA) m 2 /g 
16.00 
13.00 
18.00 
18.061 
21.00 
Table 7.8: The Specific Surfaces Area results 
7.4.2 Cation Exchange Capacity 
The results of this test are tabulated in Table 7.9, which shows that the CEC of the soil samples 
is in the range of the CEC values of the clay minerals present in the soil. Cation exchange 
capacity is a measure of the amount of positively charged ions, cations that can be adsorbed in 
exchangeable fashion on the negatively charged sites of soil. 
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Sample 
.. 
BUI 
BUlla 
BUIIb 
GMa 
JEF 
Average of Cation Exchange 
capacity (CEC) 
(meq/l00g) 
16.00 
12.00 
13.00 
19.00 
15.00 
Table 7.9 Cation Exchange Capacity values for all soils used in this research 
7.4.3 Carbonate Content Determination 
The results of the Carbonate content are illustrated in Table 7.10. This method is suitable for 
routine analysis of samples where an accuracy of about 1.0 % is sufficient (Hesse, 1972). 
Sample Percentage of carbonates (%) 
BUI 0.5 
BUlla 1.2 
BUIIb 2.2 
3.0 
GMa 
5.5 
JEF 
Table 7.10 an average of carbonate percentage in soil samples 
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7.4.4 Attenuation Characteristics Using Batch Equilibrium Tests 
The study of attenuation of various heavy metals by soil suspension was undertaken using the 
effective method of batch equilibrium test. The theory and the methodology of this test were 
. - described in detailed in chapter Four. The main purpose of this test is to measure the adsorption 
characteristics ofPb, Cu and Zn by various samples from NorthWest Libya. Results of this test 
highlight the attenuation quality of the soils tested for use as potential landfill liners. Two 
experimental protocols were used in this test: (a) ingle ionic solution of varying concentration 
(pb, Cu and Zn), and (b) Mixed solution containing all three elements. The results of batch 
equilibrium tests are shown in the Table 7.11 
Sample 
JEF 
GMa 
BUIlb 
BUlla 
BUI 
JEF 
Metal 
Cu 
Pb 
Zn 
Cu 
Pb 
Zn 
Cu 
Pb 
Zn 
Cu 
Pb 
Zn 
Cu 
Pb 
Zn 
Cu 
Pb 
Zn 
Cu 
Concentration 
(mg/I) 
500 
. 1000 
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Amount of sorbed 
by soil (mg/I . 
1.641 
4.410 
1.731 
3.960 
4.650 
1.491 
4.050 
3.590 
1.843 
3.959 
4.514 
4.868 
3.935 
4.490 
4.915 
3.460 
3.840 
5.342 
4.353 
GMa Ph 8.643 
Zn 3.760 
Cu 5.430 
BUIlb Ph 4.640 
Zn 5.311 
Cu 4.030 
BUlla Ph 6.342 
Zn 3.430 
Cu 3.761 
BUI Ph 3.320 
Zn 2.061 
2000 
Cu 5.250 
JEF Ph 3.41 
Zn 4.210 
GMa Cu 5.684 
Ph 4.623 
Zn 1.180 
Cu 4.370 
BUIlb Ph 6.230 
Zn 2.200 
Cu 2.660 
BUlla Ph 3.340 
Zn 0.920 
Cu 3.935 
BUr Ph 4.490 
Zn 4.915 
4000 7.444 
Cu 5.605 
JEF Ph 7.178 
Zn 
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Cu 0.573 
GMa Pb 1.290 
Zn 0.133 
Cu 0.458 
BUIIb· Pb· 0.633 . '''.';, . 
Zn 0.244 
Cu 0.413 
BUlla Pb 0.463 
Zn 0.209 
Cu 0.273 
BUI Pb 0.326 
Zn 0.178 
Table 7.11 the results of the Batch equilibrium test of varying concentration. 
7.5 Summary 
The data that are presented in this chapter were obtained by conducting series of experimental 
work that was chosen based mainly on the intensive literature review in chapter Three 
recommended by the literature review in chapter Three. Each experiment was conducted to up 
to three times in order to control the experimental errors. A great effort was made to control 
any experimental error during the running of the experiments and three reading where taken 
from each experiment which were very close to each other. All physical experiments followed 
the British Standards very carefully. The chemical experiments were conducted in the same 
way that physical tests were run. Chemical tests were designed to obtain the chemical 
properties of the clays, which may affect attenuation capacity of the material with regard to 
potential landfill leachate contaminate. In chapter six, a general discussion was done in order to 
evaluate the experimental results based on their engineering behaviour. The relatively low 
hydraulic conductivity and high adsorption capacity of clay soils make them prime candidates 
for constructed of engineering landfillliner. 
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7.6 Effect of Adding Bentonite 
7.6.1 Introduction 
As the Libyan clays tested fail to meet the minimum hydraulic conductivity of 10-9 
m/sec, and was not proven to be good attenuation material, a high swelling clay mineral 
was added to assist it in achieving its target. Bentonite is often used widely to lower 
clay's hydraulic conductivity by being mixed with the soil samples to form what is 
commonly known as a Bentonite Enhanced Soil (BES). The properties of Bentonite 
which make it a plausible additive to a mineral are its low permeability (i.e. its ability to 
swell), and its sorption properties (i.e. its ability to attenuate leachate). 
Increasing the clay content of a sample will lower its hydraulic conductivity regardless of 
whether its wells or not. In order to improve the Libyan clays, Bentonite will be mixed 
with original samples to reduce the permeability of the martial. The hydraulic 
conductivity of the mixture will depend upon the quantity f Bentonite added, the degree 
of compaction, and the grain size distribution of the sample. Hoeks et al. (1987) 
recommended that 5% weight of bentonite or more must be added to the mixture. The 
addition of 5% Bentonite increases the exhaustion period by seven times. 
This section will look at adding 5 and 10 % by weight of sodium bentonite to the original 
samples that are having fairly high percent of clay contents. The increasing of clay 
content of sample will decrease the hydraulic conductivity regardless of whether it swells 
or not. 
The main objective of soil modification was to investigate the effect it would have on its 
hydraulic conductivity and the dry density obtained from standard proctor compaction, 
and most importantly the effect on the attenuation characteristics. The bentonite was 
added as a percentage of dry weight to the original soil samples. 
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7.7 Material: Source and modification 
7.7.1 Source of Bentonite 
A commercially available sodium bentonite was obtained from Civil and Building 
Engineering department laboratory, Loughborough University, UK. The clays was stored 
." -'" 
and used to modify the Libyan soil. 
7.7.2 Modification of Soil 
Bentonite is natural montmorillonite rich clay which will adsorb large quantities of water, 
resulting in extremely large swelling behaviour. Fully hydrated Bentonite will adsorb 
nearly five times its original weight of water and is capable of occupying a volume 
between twelve and fifteen times its original volume (Clark, 1993). When a small amount 
of Bentonite (5% or 10%) is mixed with the host soil and wetted, the Bentonite particles 
will fill the void spaces between the soil particles. The enriched soil creates a flexible low 
hydraulic conductivity liner which should significantly restrict movement of leachate. 
The use of Bentonite enriched soils in the construction of landfill lining systems for 
containment of wastes is primarily dependent on the ability of the mix to achieve the 
specified low hydraulic conductivity criteria. The exhibited hydraulic conductivity of an 
enriched soil however, varies in response of factors which include the Bentonite content, 
time, the type of hydration fluid, the particle size distribution, and the type of Bentonite. 
The bentonite was added as a percentage of dry weight to the original soil samples. 
Therefore, before addition, the bentonite was oven dried for 24 hours to remove all the 
moisture, the sample was then weighed and 5 % and 10 % were added. The sample was 
then mixed thoroughly in the soil mixing machine for ten minutes and then coned and 
quartered for use in the various laboratory tests. 
After the laboratory test had been completed, and every careful was taken in order to 
maintain no loss of the sample occur. The same procedure was conducted and bentointe 
added again to bring the percentage additive to 10 %. The suite of tests was applied to the 
10%. 
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7.8 Laboratory tests 
In order to assess the effect of adding bentonite to the original soil samples, the 
following laboratory tests were conducted: 
• Particle size distribution 
• Compaction tests 
• Hydraulic conductivity tests 
• Attenuation characteristics via Batch Equilibrium tests 
7.9 Methodology 
The methodologies for the laboratory tests are the same as those described in Chapter 4 
and in accordance with the British standards for geotechnical properties (BS 1990). 
The sample was added as a percentage of dry weight to the original clay samples. 
Therefore before addition, the sample was oven dried for 24 hours to remove all the 
moisture. The sample was weighted and 5% and 10% were added, then the sample was 
mixed thoroughly in the soil mixing machine for ten minutes and then coned and 
quartered for use in the various laboratory tests. Lamb (1955) found that the thorough 
mixing of a silt gravely soil prior to compaction could lower the hydraulic conductivity 
by one order magnitude. The physical and chemical characteristics of commercial 
bentonite are known to vary from batch to batch (Quigley, 1984). To prevent this 
variability from affecting the results the entire test program was carried out from the 
same source batch of bentonite. 
After the laboratory test had been completed on 5%, assuming no loss of the sample 
occurs. The same procedure was conducted and bentonite added again to bring the 
percentage additive to 10%. The suite of tests described below was applied to the 10% 
bentonite sample. 
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7.10 Results 
7.10.1 Particle size distribution 
The results of particle size analysis were as expected with the only change that occurred 
being in the particle size distribution curves being in fines section, as only bentonite fmes 
were been added to the sample. Figure 7-7, Figure 7-12 show the particle size 
distributions for samples BUlla, GMa, and JEF with the addition of 5 and 10 % of 
bentonite respectively. 
Table 7-12 below summarises the results of particle size distribution analysis, which 
show how the addition of the bentonite increases the clay contents in the respective clay 
samples. 
Sample Name <002 mm (5% Bentonite) <002mm (10% Bentonite) 
BUlla 20 20 
GMa 25 25 
JEF 28 28 
Table 7-12 Summary of particle size distribution of adding 5% and 10 % to original 
samples. 
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7.10.2 Compaction 
The results of compaction are surnrnerised in Table 7-13 below and graphically in 
Figures 7-13 to 7-16. At the five percentage addition level, the bentonite shows a slightly 
decreasing value of optimum moisture content and slightly increased .. maximum dry 
density values compared to the original soil samples. For the ten percent addition of 
bentonite the optimum moisture content and maximum dry density show very little 
change from the five percent sample JEF at both 2.5 and 4.5 kg level. 
Sample: Test Optimum Moisture Content Maximum Dry Density 
(Mgrn-3 
BUlla: 2.5 kg 11.0 1.99 
BUlla: 4.5kg 8.0 2.12 
GMa:2.5kg 11.0 2.00 
GMa: 4.5kg 8.0 2.16 
JEF: 2.5 kg 11.0 2.00 
JEF: 4.5kg 8.0 2.16 
Table 7.13 Summary of the relationship between dry density and water content at 5% 
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Sample: Test Optimum Moisture Content Maximum Dry Density 
(Mgm-3 
BUlla: 2.5 kg 13.0· 1.92 
BUlla: 4.5kg 8.5 2.11 
GMa:2.5kg 11.0 2.00 
GMa: 4.5kg 8.0 2.16 
JEF: 2.5 kg 11.0 2.00 
JEF: 4.5kg 8.0 2.15 
Table 7.14 Summary of the relationship between dry density and water content at 10 % 
For the addition of 10% bentonite sample BUlla, Table 7.14, Figure 7.17 shows an 
increase in the moisture content up to 11 % with a decrease in the maximum dry density 
down to 1.99 Mgm -3 at the 2.5 kg level. For the 4.5 kg level the change is not as 
dramatic, but still the optimum moisture content increase to 8.0 % and the maximum dry 
density lowers to 2.12 kg level. The sample GMa results show a drop I the maximum dry 
density for the 2.5 kg compaction test from 1.99 Mgm -3 to 1.91 Mgm -3, with 
corresponding increase in optimum moisture content from 11 % to 13 % for both 2.5 kg 
and 4.5 kg compaction test, the addition of the bentonite shows a slight effect on the 
compaction characteristics of the soil samples. 
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The compaction results showed an unexpected link with the optimum moisture content of 
the five percent of bentorute as their values dropped from the original values of all 
samples, when if anything arises was expected. With calculation of the 10% addition 
values however, the optimum moisture content values were nearly back to what they 
were originally before the addition of bentonite. This leads to that the 5% were an 
anomaly of sorts caused by the nature and variability of the compaction test, not 
manufaction caused by the addition of the bentonite. It is also highlights the controlling 
influence of the fme grained quartz minerals on the sample that the addition of clay has 
not had any noticeable affect. 
Compaction conditions influence volume stability or shrink-swell potential of clay liner 
very little attention has been paid to thi s design criterion for clay liners. In some cases 
volume stability may prove to be equally important a consideration in the selection and 
emplacement of a clay liner as permeability (Gary, 1989). Volume stability is particularl y 
important in landfills where a substantial danger exists from shrinkage cracking which 
can be caused by desiccation and can radically and irreversibly increase leakage rates. 
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Whereas compaction wet of optimum tends to reduce hydraulic conductivity sharply it 
also increases shrinkage greatly. Compaction on the wet side of optimum moisture 
content tends to disperse the clay structure making it less permeable but also less resistant 
to volumetric contraction. This response can pose a serious problem because it means that 
low hydraulic conductivity which can be secured by compacting wet of optimum will 
also be achieved at the expense of high shrinkage. 
It is advisable that compaction procedures should be specified carefully to improve 
volume stability without sacrificing low hydraulic conductivity. Therefore it is vital in the 
hotter months to avoid prolonged exposure of compaction to the sun; clay surfaces should 
be covered or moistened to prevent desiccation. Also, avoiding using high plasticity clays 
would help, although if clays are compacted to a high density, shrinkage should be 
reduced, as should cracking. 
7.10.3 Hydraulic Conductivity Results 
All the permeability tests were carried out on the same falling head that was illustrated 
and described in Chapter 4. The moisture consent and dry density at which the hydraulic 
conductivity tests were carried out are summarised below in Table 7.15 for the addition 
of 5% and Table 7.16 for the addition of 10% of bentonite. 
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Sample: Test Moisture Dry Density Number AverageK 
Content (%) (ms-I) 
(Mgm-3) of Test 
BUlla: 2.5 kg IS 1.90 4 2.6 
BUlla: 4.5 kg 11 2.04 4 lA 
GMa: 2.S kg 13 1.93 4 1.6 
GMa: 4.5 kg II 2.0S 4 1.5 
JEF: 2.5 kg 14 1.92 4 2.9 
JEF: 4.S kg 8.S 2.11 4 3.2 
Table 7.1S Summary of hydraulic conductivity results of additive sample at S% 
bentonite. 
The hydraulic conductivity values of BUlla, GMa and JEF show a decrease from values 
for the same samples before the addition of the bentonite. The results showed that the 
addition of S % bentonite to original samples has produced relatively large decrease in 
values of permeability. 
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Sample: Test Moisture Dry Density Number AverageK 
Content(%) (ms -1) 
(Mgm-3) of Test 
BUlla: 2.5 kg 13 1.92 4 2.6 
BUlla: 4.5 kg 8.5 2.11 4 1.4 
GMa: 2.5 kg 11 1.93 4 2.9 
GMa: 4.5 kg 8.0 2.05 4 3.0 
JEF: 2.5 kg 12 1.99 4 1.0 
JEF: 4.5 kg 8.0 2.15 4 2.3 
Table 7.16 Sununary of hydraulic conductivity results of additive sample at 10 % 
bentonite. 
To give the best estimate for a given material using falling head method, it would be 
advisable to conduct a series of runs until the values remain constant. The author 
recommends that a minimum of 4 runs are carried out upon each sample for falling head 
tests. 
The hydraulic conductivity results fro aI three samples show that overall laboratory 
specimen gave lower hydraulic conductivity values than original samples. This maiuly 
due to the increase of clay content. It is also due the fact the samples were compacted wet 
of optimum which influences the fabric of the clay, giving a more dispersed structure, 
and leads to lower hydraulic conductivity. 
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Due to the extended saturation time of 24 hours before testing, the effect of a saturation 
increase during testing was eradicated. In current practice the sample the sample is 
generally left saturating for a maximum of 24 hours. Thus, upon testing, the moisture 
balance within the sample is still changing and will tend to give lower hydraulic 
conductivity values than actual due to the sample not being at its potential endpoint 
(under normal saturating conditions using a water bath, rather than back pressure). This is 
of concern if the testing of the material gives over optimistic results for a material that if 
correctly tested would be confirmed as not being suitable for use in landfill liner. Under 
continued saturation during testing, the hydraulic conductivity values will tend to 
decrease, as the air within the pores blocking flow is dissipated. At higher degrees of 
saturation the flow is probably in the middle of the voids, whereas at lower degrees of 
saturation it is in the films on the particle surface where large drag forces can be occur 
and where the total cross-sectional area through which flow occurs is reduced. 
The reason for the decrease in hydraulic conductivity values for the samples tested after 
the more rigorous saturation programme is probably due to two factors: 
a) The mechanism of particle migration and resettlement, whereby the initial head 
-,placed upon the sample at the start of the test may cause some of the finer gains to 
be dislodged and transported through the sample. However, due to the gradient 
being relatively low in the falling head test, this initial surge is equalized out 
through the length of the specimen and the particles will tend to resettle 
downstream and actually clog up the flow passages leading to the eventual 
decrease in hydraulic conductivity, after an initial increase. 
b) The sample may undergo some initial swelling at the start of the test as the falling 
head apparatus lid is secured on the permeameter cell. This initial volume 
increase could result in the pore space increasing and thus an increase in hydraulic 
conductivity. Once the volume change has stabilized the pore size will remain 
fairly constant and the hydraulic conductivity will stabilize. The volume change 
may lead to particle movement which was discussed earlier. 
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The results showed that although the hydraulic conductivity seems lower with the 
addition of 5% of bentonite to the original samples, the relation is far more complex 
than this. There are quite a few exceptions to the rule indicating that particle size is 
only one of factor of many that determine the material hydraulic conductivity. The 
density of the material related to compactive effort and the moisture content is an 
important a feature as grading. The higher comapactive effort in the laboratory leads 
to the mean value of hydraulic conductivity. The results also showed that clay is the 
most important factor of a low hydraulic conductivity mineral material, because the 
clay fraction of the soil produces low hydraulic conductivity. 
Therefore, the author's findings indicate that the design criteria must be defined quite 
precisely in terms of clay content, and the composition of the clay materials 
investigated more closely. The literature review gives a variety of criteria relating to 
clay content. Whereas the Indian guidelines (2000) recommended the percentages of 
fines (silt and clay) be more than 18%, the recommendations from other researchers 
vary somewhat. Jessburger (1994) seems in a minority in actually stating a minimum 
mineralogical clay content of 10%. This may reflect the cost difference between low 
cost grading methods and X-ray diffraction method. Seymour and Peacock (1994) 
suggest that the material should have a minimum clay content of 10% whilst Daniel 
(1990) recommends fines to be more than 30%. Gordon et al. (1990) are far stricter 
recommending minimum fines of 50% and clay content more than 25%. 
7.11 Attenuation characteristics via Batch eqUilibrium Test 
Batch equilibrium tests were designed to study the adsorption capacity of modified soil 
suspensions. As mentioned early in chapter 4, three heavy metals species, Zn, Cu and Pb 
were studied in single and composite mixture. The results can be seen in Figures 7-19 to 
7-24. The graphs below show the adsorption isotherms for the modified soil samples. 
It can be seen from the graphs that than actual isotherm for all the soils under 
consideration are similar in many respects. This would therefore indicate that similar 
processes for the adsorption of heavy metals are operating in all modified tested soils. 
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The graphs show that the sample JEF has the highest retention capacity compared to the 
other two samples. In previous studies by Tan, (1997) it was found that the some clay soil 
had higher retention capacity to that of the mudrock, in this test however it can be seen 
that samples showed higher retention capacity comparison with the original one. This 
could be attributed to the higher percentages of clay content present in samples after the 
addition of bentonite. 
It's also possible to ascertain from the graphs that when single and composite mixtures 
are compared. More heavy metals are adsorbed from single solution. This phenomenon is 
to be expected due to competition of adsorption and exchanges sites by the three heavy 
metals when in the mixture, although Pb is often the exception to this rule, all three soil 
samples showed similar behaviour, although the BUlla sample with 5% bentonite seems 
to has much lower retention capacity than expected. 
It is also noticed that all soil samples both with 5% and 10% addition of bentonite 
showed almost same adsorption capacity, with no great difference between tow testes. 
The adsorption plot for Pb can be approximately horizontal for single and mixed solution. 
This phenomena suggests than an approximately constant amount is adsorbed within the 
range of concentration tested (500 ppm to 4000ppm Pb). 
The batch equilibrium tests showed that the addition of 5% bentonite to the original soil 
gave good adsorption capacity while the increase of the amount of bentonite to 10 % did 
not change much of the adsorption capacity behaviour of the soils. It can also be said that 
from the composite mixtures of heavy metals all three soil types tended to adsorb the 
cations in this order of magnitude Pb>Cu>Zn, this shows in terms of competition for sites 
Pb is the leader. 
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7.12 Discussion and Conclusion 
The addition of bentonite to the original clay samples was done in order to observe the 
change in hydraulic conductivity and the attenuation characteristics in the clays and 
whether they comply with regulatory requirements. 
The particle size distribution tests were needed to confirm the additional clay minerals 
had been added the clay content to the samples and could be visibly seen on the 
respective PSD curves. The results proved this fairly increases in both clay fraction and 
fines sections of the PSD curves. 
The compaction results showed an unexpected link with optimum moisture content of the 
five percent as their values dropped from the original values of sample JEF and GMa, 
when if anything a rise was expected. With the calculation of the ten percent addition 
values however, the optimum moisture content values were back to what they were 
originally before the addition of bentonite. This leads to the conclusion that the five 
percent results were anomaly and sorts caused by the variability of compaction test. It 
also highlights the controIling influence of the fme grained on the sample that the 
addition of clay has not got any noticeable effect. 
Hydraulic conductivity results showed what was expected with bentonite added samples 
showing a relatively large decrease in hydraulic conductivity with the addition of the five 
percent of the clay minerals. With the increase to ten percentages however, at 2.5 kg 
level, the bentonite showed a slight decrease in hydraulic conductivity. At 4.5 kg level 
the hydraulic conductivity values showed further decrease in the hydraulic conductivity 
of all three samples. This indicates that any further addition of extra clay fraction will not 
necessarily lead to a further lowering of hydraulic conductivity values. The attenuation 
characteristics via Batch equilibrium test showed that the adsorption capacity of tested 
was increased by the addition of 5% bentonite to the original samples. As mentioned in 
chapter 6, as the clay content increased the more adsorption capacity of soil samples 
improved to attenuate the passage of laecahte. Chapter seven has shown that bentonite 
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can be used as additive to improve a soil quality and help to achieve lower hydraulic 
conductivity values, and made them more suitable for use as mineral landfill liners. The 
work carried out for this chapter has however highlighted to this author that bentonite is a 
very difficult clay mineral to handle and moisten in the field. The results of the addition 
of five and ten percent of bentonite showed that bentonite is capable of improving the 
standards of a potential mineral liner. However, assuming greater care is taken when 
handling bentonite, it is still cheaper option to use as an additive material to Libyan soil, 
at least at the present time rather than use a more sophisticated technique. 
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CHAPTER EIGHT 
GENERAL DISCUSSION 
8.1. Introduction 
Landfilling of waste is set to continue to be an ideal method of disposal for the 
foreseeable future in Libya using natural clays landfill liners. It can be seen therefore 
that the requirement for good landfill liners with low hydraulic conductivity and good 
attenuation properties will be urgently needed in order to protect the environment and 
subsurface groundwater. The results of the laboratory tests (both physical and 
chemical) have highlighted the suitability of the Libyan clays to use as potential 
landfill liners. These results were obtained in order to understand the engineering 
behaviour of the Northwest Libya clays. The suitability of using clays as landfill liners 
was assessed on the basis of their physical, chemical and geotechnical characteristics. 
The experimental work was designed to obtain the physical properties that may 
influence the capability of Libyan clays to be compacted to achieve the minimum 
international hydraulic conductivity requirements for landfill liners (less than 
10-9 mlsec). The chemical properties were measured in order to understand the 
attenuation capability of this soil. 
8.2. Guidance and regulation 
Discussions of the key parameters, which may in one way or another, affect the use of 
clays as a potential landfill lining system in Libya in Chapter Three. These were 
including dominant climate; waste type, local material availability and finally the 
guidelines. It is believed that all of these factors can play an important role when 
choosing the suitable lining system guidelines to suit Libyan conditions, while at the 
same time minimising the pollution problems 
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The increase of waste volume being produced in Libya, both domestic and industrial, 
and the need to dispose of this waste in an environmentally acceptable, affordable 
manner which also meets the requirements of the Libyan environment has led to the 
urgent need to develop regulations that govern the disposal of this waste in landfill 
sites. The adoption of South African guidelines (chapter Three) and those of other 
countries (e.g. India) for mineral liner construction may be useful when it.is applied to 
arid or semi-arid soils, taking into consideration the difference in climate conditions 
and also the depth of groundwater. The relaxation of some criteria those are not 
compatible or not necessary for arid conditions can make landfilling more affordable 
without unduly affecting protection of the environment. The developing of suitable 
guidelines for Libyan soils is one of the main aims of this research, as many part of the 
world, especially the arid areas, still have no guidelines that can be used for landfill 
liners. In Chapter Three, the Minimum Requirement Documents from the United 
Kingdom, India and South Africa were discussed. In terms of hydraulic conductivity 
criteria, a value of 10-9 mlsec is widely used by most of the countries whether located 
in wet or arid conditions. The differences were noticed in other criteria such as liner 
thickness, plasticity index, and clay content has been recommended by South Africa, 
UK, India and USA. For clay liner thickness, both the UK guidelines (NWWRO, 
1996), and the Indian Manual (2000) state that clay liner thickness must be 1.0 m, 
while the South Africa document (1998) states that the clay liner must be 0.3 to 1.2 m 
depending on the daily rate of deposition of waste at the site. Clay content is another 
criterion where each country gives different values, the UK document (NWWRO, 
1996) states that clay content must be greater than 10 %, while the Indian Manual 
(2000) recommends using a higher value of 18 to 25%. They only recommended that 
'enough' clay should be present in the soil. For the same criteria, the South African 
document did not give a specific value for clay content. However, in terms of 
plasticity index, each document gives different criteria, the UK document (NWWRO, 
1996) states that the plasticity index must be greater than 7 to 10%, while the Indian 
Manual (2000) uses higher values for the plasticity index (10 to 30%). The South 
African document specifies a minimum plasticity index of 10% and a maximum that 
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will not result in excessive desiccation. It is clear that some criteria recommended by 
all documents use the same value particularly for the hydraulic conductivity criteria. 
The hydraulic conductivity criterion should be the main property that will be measured 
for the Libyan clay to evaluate its suitability. In case where Libyan clay does not meet 
this recommended criterion, then additives (such as bentonite) will be highly 
,_.recommended.in order to improve the clay's hydraulic conductivity. In.this rcse.arch 
the UK criteria for clay content values will be adopted because they are lower than the 
Indian criteria as the particle size distribution tests for the Libyan clays showed 
relatively low amount of clay content as shown in chapter 7. The other criteria would 
be the plasticity index. This is also showed that Libyan clays failed to meet the 
recommended requirements set by most of the guidelines. This also could improve by 
adding high swelling material to meet this criterion. A compacted mineral liner, which 
is less than one meter thick would be more susceptible to desiccation, cracks, 
microfractures and damage during compaction, therefore lowering the thickness is not 
recommended in this study. 
8.3. Evaluation of physical characteristics 
8.3.1 Effect of Mineralogy 
The soil samples (BUI, BU Ha, BU llb, and GMa) were all examined for their 
mineralogy using X-ray diffraction technique as described in Chapter Seven. The clay 
mineralogy of the soil is of utmost importance as it is the clay minerals that exhibit the 
surface activities such as cation exchange and sorption capacity, which contribute to 
the attenuation or retention of various contaminant species. It can be said therefore 
that the physical and chemical properties of a soil are determined by the clay minerals 
present within the soil. 
The mineralogical analysis were carried out in two stages: Firstly, a "quantities" 
analysis was carried out to determine the type of minerals presents in each sample, 
followed by a semi-quantities analysis to determine the amount of each mineral 
present. By comparisons with standards and making up known mixtures of all 
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minerals present in the sample an experimental accuracy of within 2% is possible in 
the results (Mitchell, 1976). 
If the dominant clay mineral in a liner is swelling clay, such as bentonite, the soil will 
tend to have low permeability due to the fine particle sizes and the tendency to adsorb 
water and swell, closing up the macrospores. These may be termed self-sealing liners 
.. -- ~.. ." - - ... " , , .. " . ;.-
(Rowe et al, 1997). The reverse of this, however, is that any drying out of the clay 
during site placement of the liner will lead to clay shrinkage and a considerable 
increase in the field hydraulic conductivity of the liner (Seymour, 1992). It is possible 
to construct a mineral liner using a naturally occurring mix of sand and non-swelling 
clays such as kaolinite or illite (Elliott, 1997). Such a mineral liner will be less 
susceptible to desiccation cracks than a bentonite based liner. This type of a mineral 
liner is believed to be more suitable for the future of landfill sites in Libya, where the 
dominant climate is hot for most of the year. 
The determination of the clay minerals of tested samples showed very clearly that the 
most dominant clay minerals in the samples are kaolinite and illite, with traces of 
chlorite and non-clay minerals such as quartz. The other mineralogy identification 
technique was the use of other treatments to confirm the exact clay minerals that were 
represented in the soil samples. Glycol treatment helps to identify montmorillonite as 
the glycol-treatment gives a very strong first basal reflection at 16.9A, which in the 
air-dried condition shifts to about 15 A (Moore and Reynolds, 1997). This process 
will make it possible to distinguish between expandable and non-expandable clay 
minerals. Montmorillonite is the only clay mineral that displays a significant change 
through the glycolation treatment 
It can be concluded that all soils samples have similar predominant illite compositions 
and kaolinite, with minor minerals such as chlorite also present. The soils all also 
contain some non-clay minerals such as quartz and feldspar, and traces of carbonates. 
The mainly illite and kaolinite soil compositions are all consistent with the Specific 
surface area and Cation exchange capacity results. 
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IlIite clay minerals consist of a gibbsite sheet bonding with two silica sheets, on at the 
top and one at the bottom. The illite layers are held together by a very strong 
potassium bond. The high strength of this bond is related to two main factors: 
• a very high negative charge within the tetrahedral sheets the holes in the 
tetrahedral sheets into which the k + is partially countersunk. 
• The cause of the negative charge is the isomorphous substitution of one in four 
Si 4+ atoms by A1 3+ atoms. Most of large negative charge on illite is satisfied 
by fixed potassium. Only the potassium held on the morphological surface of 
the particles can be exchanged (typical CEC values are 10 to 40 meql100g), 
making illite a clay mineral of normal activity. IlIite also tends to absorb more 
water than kaolinite and have relatively higher swelling and shrinkage 
characteristics. IlIite is efficiently compacted to form clayey soils with a 
hydraulic conductivity of 10 -9 to 10-11 m/sec, allied to this is the CEC of 25 
meg/100g and the fact that c-axis to contraction is not possible, and illite is 
often considered to be one of the most desirable clay mineral for use as 
engineered clay liners, (Rowe t. aI., 1997). 
The other predominant mineral that found in soil samples is kaolinite; this mineral 
forms the most dominate part of residual clay deposits and is made up from large 
stacks of alternating single silicon tetrahedral sheets and aluminum octahedral sheets 
combined in a unit so that the tips of the silica tetrahedrons and one of the layers of the 
octahedral sheet form a common layer. 
Kaolinite has very little charge. In general kaolinite minerals are non-expandable and 
the cation exchange capacity (CEC) of the mineral is quite low and usually amounts to 
I to 10 meql100g (Van Olphen, 1977). 
However, Kaolinite is one of the most important and most common two-layer clay 
minerals encountered by soil engineers. It has a very strong, stable structure, with a 
low swelling capacity and the ability to absorb very little water. Rowe et al., (1997) 
consider that kaolinite is not an ideal clay mineral for a mineral landfill liner as it has 
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retarding characteristics and a hydraulic conductivity that is rarely less than lO-8 
mlsec. The factor that kaolinite does have in its favour though, is that it is relatively 
immune to damage when exposed to chemicals. 
8.3.2 Moisture Content 
The results of natural moisture content are an important value to determine, which is ,'." .. , .. 
utilised for engineering purposes in the site. The literature review suggests that the 
lowest hydraulic conductivity value is obtained at 2 % to 4 % above optimum 
moisture content. If the moisture content is less than that for optimum moisture 
content it should be adjusted by being watered and if it is higher, the soil needs to be 
dried to ensure that the lowest hydraulic conductivity is reached. 
The moisture content of tested samples BUI, JEF, and GMa are lower than those of the 
other samples, which showed relatively high moisture contents. However, the moisture 
content results showed clearly that the clays were influenced by the arid climate 
conditions that dominate in the area (hot and dry most of the year). In addition, the 
sampling technique may also affect the moisture content measurement as the majority 
of the samples were obtained from a relatively shallow depth. Samples were taken 50 
cm from the face of quarries. This method of sample collection was cheap but may not 
represent natural moisture content of the soil samples. Using a rig to drill for a 
samples deeper into the quarry could have given a more representative natural 
moisture content measurement but could not be carried out because of practical issues 
and high cost which this research budget can not cover. It is clear that all the measured 
moisture content were below the plastic limit. This indicates that the samples were 
likely to be hard and brittle. Soil moisture content evidently vary with infiltration 
caused by run-off, but to what depth moisture content is affected and for how long is 
not yet known. The various changes in the soil moisture content would influence the 
engineering properties of the soil as well as the performance of the various structures 
founded or having contact with this types of soil, (Komomil, 1993). 
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The natural moisture content on the site may give extra advantages in terms of time 
and cost during construction. The moisture content values showed that dominant 
climate conditions affected the conditions of the soil, in addition to affecting the 
engineering behavior of soil. 
8.3.3 Particle Size Distribution 
This test shows the percentage of clays, silts, and sands in the examined samples after 
particle size analysis using wet sieving for the coarser-than-silt-sized fraction and a 
Mastersizer machine for the silt and clay fractions. Sample BUI showed no gravel, 
51.6 % of sand, 36 % silt and 12 % clay. It is clear that the sample is well- 49.2 % 
sand, 44.8% silt and 5.8% clay. The sample shows a very low level of clay fractions 
compared with the other samples. Sample BUIIb consists of a very high percentage of 
sand, 52.7%, and high silt, 34.6%, and clays, 12.6%, compared to BUlla and BUI as 
shown in Table 7.3. The particle size distribution curve for sample BUIIb showed a 
well-graded material where the particle sizes are distributed evenly from clay to sand 
size. Similar patterns can be observed for sample BUI, and BUlla. These samples did 
not satisfy the requirement for clay liners according to Indian specifications (2000) 
where the clay contents must be higher than 18% to 25 %. However, silt size particles 
can be just as important in achieving a low hydraulic conductivity as the clay material, 
and more importantly, the silt content adds to the strength and ease of workability of a 
mineral liner during field compaction. Mineral liners with high clay fractions will also 
prove to be more susceptible to shrinkage due to desiccation. The sand fractions of a 
mineral liner (0.06 mm-2.0 mm) can also reduce the hydraulic conductivity as long as 
the sand size grains remain matrix supported by the clay fraction after compaction, 
(Elliott, 1997). Both GM a, and JEF have 12.5% and 16 % clay respectively, which 
also did not meet the recommended requirements for use in clay liner systems even 
where they have the highest values of clay content. 
Under the consulting guidelines documents (Indian Manual document, 2000), these 
samples would not have been within the regulations which stated that at least 18% of 
material should have a particle size less than 0.002 mm (clay fraction). However, soil 
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containing greater than 50% clay particles may attain a low hydraulic conductivity in 
the laboratory but will be nearly impossible to lay as a compact liner in the field, 
Watkins (1997). The coarse fraction of a mineral liner can also reduce the hydraulic 
conductivity, as long as the sand size grains remain matrix supported by the clay 
fraction. Sarsby (2000) states that the potential mineral liner soils, which contain 
. between IQ. to 20%. clay fraction.and.30 to 40% sand fraction, will usually provide a . 
suitable low hydraulic conductivity mineral liner, which can be engineered in the field. 
Benson et al. (1994) state that particle size distribution of compacted clay affects 
hydraulic conductivity because the relative proportions of large and small particle 
sizes affect the size of voids conducting the flow. Low hydraulic conductivity is likely 
to be achieved when the soil is well graded and the clay fractions govern the hydraulic 
conductivity. A material with high clay contents or high silt and clay contents will 
have a lower permeability, but materials with a high percentage of gravel or 
excessively large particles should not be used as liner materials, (UKDoE, 1995). This 
test clearly showed that the Libyan soils are not well enough in terms of clay content 
values to behave as a good landfill liners with low hydraulic conductivity. The 
addition of bentonite to this soil may improve the function of soil as a natural landfill 
liner. 
8.3.4 Classification tests 
Atterberg Limits for the tested samples had shown the maximum liquid limit (LL) 
value of about 46% was obtained for sample GMa. The lowest Liquid Limit value of 
about 33% was for sample BUlla (Table 7.4). This shows that all tested samples have 
Liquid Limit values less than 90% which is an acceptable criterion for liner material 
based on the regulatory requirements recommended by both the Indian Guidelines 
(2000) and South African Documents, (1998) 
The Plasticity Index (PI) values were between 13% and 27%. The highest PI value 
was 27% for sample GMa, and the lowest PI value was 13% for sample BD L The 
Plasticity Index values for tested samples are an important value to know as it forms 
one of the recommended regulatory requirements. 
196 
70 
60 
50 
>': 
• )( 
~ 40 
E 
~ 
] 30 
If) 
.. 
il: 
20 
10 
0 
0 
Murray el al. (1996) classified material suitability using the plasticity chart as shown 
in figure 8. I. Materials that were plotted below the A-line were defined as unsuitable 
due to their greater hydrau lic conductivity e.g. sands and gravels. Clays that plot 
above the A-line were deemed suitable or marginal. Using Murray's approach (1996), 
the samples in this study were plotted on the plasticity chart to classify the suitability 
of the material s. 
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Figure 8. I. Plasticity chart for tested samples showing suitability criteri a 
According to figure 8.1, all tested samples plotted very close to the A-line. In terms of 
plasticity, the clays and silts are divided by the A-line. Sample BUI shows low 
plasticity (C L). Sample BUlla plotted below the A-line inside the unsuitable area 
(M I). This is due to the high percentage of silt in this sample. However, samples 
BUlIb and GMa are all plotted above the A-line inside the suitable area, and show an 
intermediate plasticity (Cl). It is clear that most samples were plotted very close to the 
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A-line; these materials are considered acceptable to be used as landfill liners regarding 
this criterion. The Atterberg limits results of these samples indicated that they have 
enough clay minerals to provide a cohesive and low hydraulic conductivity liner. 
However, using a single criterion does not give a good evaluation for the material's 
suitability and capability to function as good landfill liner. 
8.3.5 Compaction 
Compaction of soil is the process by which the solid particles are packed more closely 
together by mechanical means, thus increasing the dry density (Markwick, 1994). It is 
achieved through the reduction of air voids in the soil, with little or no reduction in the 
water content 
As mentioned previously in chapter Seven, the compaction tests were conducted to 
determine the optimum moisture content (wopr ) and maximum dry density (Ydrmx ) of 
the tested samples. 
The standard 2.5 kg and 4.5 kg Proctor tests were used for samples BUI and BUlla to 
determine the value of the optimum moisture content and the maximum dry density. 
The results were plotted to produce compaction curves as shown in the Figure 7.2 to 
7.6 for all tested samples in chapter 7. 
It is important to compare the optimum moisture content with the natural moisture 
content measured on site. This can allow the landfill engineer to decide whether the 
soil needs moisture to be added or subtracted. Mohamed, (1998). Stated that the 
hydraulic conductivity is sensitive to water content and compactive effort. For water 
content in excess of the line of optimum, low hydraulic conductivity this can be 
achieved. For similar water content, lower hydraulic conductivity can be achieved by 
increasing compactive effort. 
Both samples (BUI and BUlla) have natural moisture content less than the optimum 
moisture content. This can show clearly the effect of dry and hot conditions on the soil 
that dominates the arid and semi-arid regions. However, using the compaction 
198 
information when constructing a liner may show that the soils need wetting in order to 
reach the optimum moisture content prior to compaction on site. 
For samples BUlIb, GMa and JEF, the 4.5 Kg Proctor tests were used. The use of the 
4.5 Kg level can give a much greater degree of compaction. The natural moisture 
content in the site showed a higher value for sample BUIIb (12%) while the optimum 
moisture content from the compaction test was 9.5 % approximately as shown in 
Figure 7.2. In this case soil needs to be dry by about 2.5% above the optimum 
moisture content. According to Elsbury et al. (1990), at moisture contents more than 
the optimum, the clay is sticky and slippery and difficult to work with. In addition, the 
wet soil tends to eliminate the clod size factor, which greatly influences the hydraulic 
conductivity of the soil (Benson and Daniel, 1990). 
For sample GMa Iow natural moisture content was also observed (5.9%), where the 
optimum moisture content is 8.91 %. This is clearly reflecting the great effect on the 
soil of the dominating climatic conditions in the region (hot and dry most of the year). 
This soil also needs to be wetted in order to reach the optimum water content. 
As mentioned previously, a determination of the range of acceptable moisture contents 
and dry densities of the soil to be used as landfiII liners in the arid or semi-arid regions 
is vital because if the soil is too dry at the time of compaction, which is very likely in 
arid and semi-arid regions, the hydraulic conductivity wiIl also be too high, Iow 
workability, and problems caused by desiccation. 
Sample JEF exhibits the same behaviour as sample GMa. The natural moisture 
content for sample JEF is 7% while the optimum moisture content is 8.1 %. It also 
shows that the natural moisture content is lower than the optimum moisture content. 
This is also clear evidence that the soil has been affected by the arid climate. In order 
to use the soil for landfiII liners, it needs to be wetted to provide about 1.5 % extra 
moisture. 
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In this study, it is believed that the major problem was the difficulty to obtaining 
representative samples of recompacted material and relating it to compactive effort. 
Mitchell et al (1965) report that the permeability of a soil decreased by 100 fold, with 
no change in water content, when the compactive effort was increased. The landfill 
engineer can always control compactive effort to some extent by specifying a range of 
acceptable densities and then inspecting construction to ensure that the specification is 
followed. However, even if the soil samples are compacted to the proper density, the 
method of compaction in the laboratory will never precisely duplicate compaction in 
the field by heavy equipment. 
The idea of increasing the compactive effort is to increase the degree of particle 
dispersion. The increased dispersion will reduce the number of large flow channels 
and results in smaller average pore size, and because hydraulic conductivity varies 
directly with the pore cross-sectional area, the hydraulic conductivity will be 
decreased. 
It may be also noted that clays soil compacted wet of optimum are more flexible and 
thus more resistant to cracking than if compacted dry of optimum. However, unless 
moisture conditions are properly duplicated, the laboratory specimens are likely to be 
unrepresentative of the completed liner. 
8.3.6 Evaluation of Hydraulic conductivity 
The main objective of hydraulic conductivity tests is to obtain values of tested samples 
and also to investigate the differences in hydraulic conductivity values below, and 
above the value of optimum moisture content. All the tested samples were compacted 
in the compaction permeameter using the same methods. 
Soils compacted wet of the optimum moisture content may have hydraulic 
conductivity values lower than samples compacted dry of optimum moisture content 
(Mitchell, 1965; Elsbury et aI., 1990; Benson and Daniel, 1990). According to Benson 
and Daniel (1990), soils compacted wet of optimum appeared to be a homogenous 
mass and had low hydraulic conductivity. 
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Results from Table 7.7 in chapter 7 showed high values of hydraulic conductivity 
compared with the international criteria that equal to or less than 10 -9 mls in all 
samples. 
The hydraulic conductivity results from the tested samples indicted that the sample 
possesses lower values compared to other samples as listed in Table 7.7 in Chapter 7. 
-Thi's Is'C!earl:V due to the different percentages Of finer materials in soils samples: Due' 
to time constraints, many of the samples runs were stopped before it was certain there 
would not be any more change in hydraulic conductivity. Thus, it is more than likely 
that the number of samples showing a decrease in Hydraulic conductivity of over half 
an order of magnitude is actually much higher. Therefore to give the best estimate for 
a given material using the falling head method, it would be advisable to conduct a 
series of runs until the value remains constant. Three runs were carried out for each 
sample for falling head test. 
The value for sample BUI was a bit high but still below the minimum requirement that 
have been recommended by all Guidelines for landfill liners such as Indian Guide 
lines (2000), and South African's minimum of requirement (2001). 
The hydraulic conductivity is very sensitive parameter and very much depending on 
the percentage of clay material in the soil. According to Benson et aI., (1990), the clay 
size particles will fill the voids between the coarse particles, reducing the size of the 
pores controlling flow and decreasing the hydraulic conductivity. The literature review 
reveals that clay is the most important component of low permeability mineral 
material because the clay fraction of the soil produces low hydraulic conductivity. 
The hydraulic conductivity values for all soils are depicted in Table 7.7. They fail to 
comply with the minimum requirement values for compacted clay liner as stated in all 
guidelines. According to these international hydraulic conductivity requirements, 
unless these soils have been improved by adding of finer particle material, it would not 
be possible to use Libyan clays in their current state as landfillliners. 
In this test the samples were left saturating for 24 hours. Thus, upon testing, the 
moisture balance within the sample was still changing and tending to give slightly 
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lower hydraulic conductivity values than actual, due to the sample not being at its 
potential saturation endpoint. 
It is believed that the reason for the decrease in hydraulic conductivity values for the 
samples tested after more rigorous saturation programme is probably due to two 
factors: firstly, the mechanisms of particle migration and resettlement, whereby the 
initial head placed upon the sample at the start of the test may cause some of the finer' 
grains to be dislodged and transported through the sample. However, due to the 
gradient being relatively low in the falling head test, this initial surge is equalized out 
through the length of the specimen and the particles will tend to resettle downstream 
and actually clog up the flow passages leading to the eventual decrease in hydraulic 
conductivity, after an initial increase, Secondly, the sample may undergo some initial 
swelling at the start of the test as the falling head apparatus lid is secured on the 
permeameter cell. This initial volume increase could result in the pore space 
increasing and thus an increase in hydraulic conductivity values. Once the volume 
change has stabilized the pore size will remain fairly constant and the hydraulic 
conductivity will stabilize. The volume change may lead to particle movement. 
8.4 Chemical characteristics 
The second important stage of this research was the determination of the chemical 
properties that may affect the attenuation capacity of the clay soils. The discussion of 
these properties according to obtained results is presented below. 
8.4.1 Specific Surface Area 
The results of specific surface area for tested samples is a very important factor as it 
directly affects the adsorption capacity of a soil particle since cation exchange and 
sorption are both proved to be surface phenomena as shown in Chapter 7, Table 7.8. 
Specific Surface Area can also be used as an indictor of clay mineralogy; high SSA's 
are always associated with soils that have a high content of smectites such as 
montmorillonite. 
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Results obtained during the study give specific surface area ranging from 16 to 21 
m 2 /g. These values suggest that illite and kaolinite clays are the most dominant clays 
in tested soil. This value is given proof by way of the XRD results obtained. The 
sample JEF tended to have the highest SSA 21 m 2 /g with sample BUlla having the 
lowest (13 m 2 /g). Samples having the lowest values still show SSA much higher than 
that of kaolinites ("'15 m 2 /g), thus againilldicating mixtures of kaolinite and illite clay· 
minerals (SSA '" 60 to 200 m 2 /g Uehara and Gillman, 1981). 
8.4.2 Cation Exchange Capacity 
The cation exchange capacity can be thought of as a direct measure of a soils 
adsorption or exchange capacity. This is therefore the fundamental property used in 
determining the suitability of soil for contaminant attenuation, especially in respect to 
heavy metals. CEC is a measure of the number of cations in milliequivalents needed 
to neutralize 100 g of clay. CEC (usually expressed as meq/lOO g of sample) is 
defined as the sum of the exchangeable cations in the soil. By looking at Table (7.9) it 
is possible to notice that sample GMa has the highest CEC of 19 meq/lOOg, while the 
sample (BUlla) have the lowest CEe value of 12 meq/lOOg, again the other samples 
fall in between the two with a CEC between 19 and 12. The results value for CEC of 
the soil is again a good indication that samples are more illitic clays (CEC=15 to 40 
meq/100g, Morril et al. 1982). With these values in mind it is possible to speculate 
that the samples are less suitable at this stage of testing to use as proper landfIll liners 
as they have a moderate adsorption and exchange capacity values. 
It is also clear that there are no huge differences found in the cation exchange 
capacities and specific surface areas values of the tested soil. This is due to the Iow 
percentage of fine gained clay in all samples. Therefore, it can be concluded that 
material with Iow percentage of clay fractions would give Iow CEC and SSA values, 
as shown by the tested samples in these study. This soil exhibits. the relatively Iow 
values for both SSA and CEC. This values displayed by the five tested samples under 
consideration can be indicative of the mainly iIIitic and kaolinitic clays mineralogical 
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composition. This conclusion drawn with certainty if the XRD results are then 
consulted as these confirm the composition. These values, however, are less suitable 
for clay liners. 
8.4.3 Carbonate Content Determination 
Carbonate content is' another 'very important retention relev'ant component of may fine~ . 
gained soils. They neutralize buffer acid solutions and cause the precipitation of the 
most heavy metals except Zn and Cd either in the form of hydroxides, or as 
carbonates, whereby carbonates of some heavy metals are quite insoluble (e.g. Pb) 
(Schulte, 1988). Clay soils with high content of carbonate can be good sorbents for 
lead, but is not good enough for other heavy metals such as Zinc (Adamcova, 2002). 
The results of carbonate content clearly indicate that sample JEF have high percentage 
of carbonate compared to other samples as shown in Table 7.10 in chapter Seven. 
Sample BUI has the lowest value of carbonate (0.5%). The other samples fall in 
between these values. However, it is clear that all samples have very low values of 
carbonate content. This can be an indication that all samples will have low retention 
capacity according to this criterion. 
8.4.4 Attenuation characteristic via Batch Equilibrium Test 
The Heavy metals largely originate with the combustion of fossil fuels or uncontrolled 
dumping of solvents and waste. The most common heavy metals found in leachate 
solution are lead (Pb), copper (Cu), Zinc (Zn), cadmium (Cd), Chromium (Cr) and 
nickel (Ni). The concentration of these heavy metals varies from 0 to 100 ppm in 
municipal solid waste leachate to 100 to 10000 ppm in sewage sludge, mining wastes 
and various industrial wastes (Yong and Dipemo, 1991). Their solubility is highly pH 
dependent and increases with the decrease in the soil pH. Heavy metal sorption 
mechanisms in soils are different at different pH values and the soil's ability to retain 
them depends on its resistance to change in soil pH. The sorption of heavy metals 
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increase with increasing pH and decreases with decreasing pH (Farrah and .Yong, 
1992). 
The batch equilibrium test is a good method of assessing the total attenuation 
properties and capabilities of soils since cation exchange and sorption occur with soil 
particles totally surrounded by the solution of heavy metals in this case. Other 
techniques can be used to study the attenuation characteristics. Unfortunately,' the 
apparatus required for this study was unavailable in laboratory. As stated previously in 
chapter 4 heavy metal species, Zn, eu and Pb were studied in single and composite 
mixture. The results for these can be seen in Table 7.11. 
There are many factors affecting the sorption batch equilibrium test: internal, as well 
as external factors. The test results are highly dependent on these factors. Therefore, as 
the test is not standarised, it almost impossible to compare results reported by different 
authors. Within the high number of variants, two main groups of procedures can be 
recognised: 
1) the initial concentration of test solutions vary while pH of the suspensions was 
kept constant during the whole test 
2) the influence of changing pH was monitored under constant initial solution 
concentration. 
However, neither one of these variables is feasible because both concentration and pH 
of the pore solutions are affected simultaneously due to the interaction with tested 
soils. 
Adsorption isotherms were plotted in Figures 8.2 to 8.12 showing the amount of heavy 
metals species removed from nitrate solution per gram of soil sample (mg/g) as a 
function of the equilibrium free ion concentration in the solution (mgll). The 
adsorption isotherms may give the adsorption behaviour of a clay suspension when 
they are at equilibrium with a contaminant solution. The adsorption isotherms may 
also be fitted using the adsorption equations to test whether the process follows the 
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Henry, Langmuir or freundlich adsorption equations as mentioned early in Chapter. 
Four, section (4.10.4). 
8.4.4.1 Adsorption of Heavy metals from single nitrate 
It is common knowledge that different soils show different capacities to adsorb heavy 
metals. The adsorption of the heavy metal Pb by clay soil (Bur, BUlla, BUIIb, GMa. 
and JEF) from single Pb(NO 3) 2 solution was investigated. Figure (8.2 and Figure 8.3) 
shows the amount of heavy metal (Pb) adsorbed by various clay soils. It may be noted 
that samples JEF and sample GMa adsorbed the highest Pb. At maximum intial 
concentration (3813 mgll), almost 99% of Pb in solution was adsorbed by tested soils 
GMa, while other samples showed very low adsorption. It is interesting to note that at 
low input concentration, the amount of Pb was adsorbed was similar in all soils i.e. 
about 99% of initial Pb adsorbed from solution (i.e. all soils are therefore capable of 
retaining almost all Pb at low concentration). This is due to the fact that at low 
concentration, the input Pb was below the adsorption capacity of these soils, which is 
very much dependent on their CEC, SSA and other physical and chemical properties. 
According to Mohamed et al. (1992) at low concentration, clay particles tend to 
disperse due to the full development of the diffuse double layer, therefore clay particle 
surfaces in contact with solution at the maximum. 
The adsorption isotherms for samples BUlla and BUlIb show very similar patterns, 
where the amount of Pb adsorbed increased very consistently (and became constant) 
with an increase in equilibrium concentration. Similar observations were made in 
samples Bur, but in these soils the amount of heavy metal (Pb) adsorbed increased 
very rapidly with increase of the input of concentration. 
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Figure 8.4 and Figure 8.5 show the amount of Cu removed from Cu (NO 3) 2 solution 
by various clay soils. The amount retained in sample BUlla and BUllb decreased with 
increasing initial concentration. On the other hand, the retention of Cu in sample GMa 
and JEF in Figure 8.4.and Figure 8.5 increased slightly and become stable with an 
increas ing input concentration. It is worth a lso noting that the adsorption isotherms for 
samples BU I was simi lar, as were those of JEF. 
10 
9 , 
a; 
• j 
'" oS 
c 
71 g , 
" • 6 E 
~ 
" 
5 
•> 
0 
E 
e 4 
, 
0 
'Q 31 c , 
0 
E , , 
.. 
1 
cl 
0 1000 1500 2000 2500 3000 3500 4000 '500 
Inlntial equilibrium Cu concentration In solution (mg/L) 
Figure 8.4. The amount ofCu removed by various soil samples 
')()Q 
, 
U 
7 T 
6 
!! 2 
§ I 
o 
E 
• 
o ~-~ - • 
o 500 1000 1500 2500 3000 3500 '000 
Initial equilibrium Cu concentration In solution (mg/l) 
Figure 8.5.The amount ofCu removed by various soil samples 
4500 
~BUI 
.... JEF 
The adsorption of Zn by various soi l suspensions in Zn(NO 3) 2 solution is presented 
in Figure (8.6) and (8.7). The amount of Zn removed from the solution increased with 
increasing equilibrium concentration in the solution. Samples GMa, BUllb and ample 
BUlla showed significant contrasts compared to sample BUT and sample lEF. Less 
removal of Zn from Zn(NO 3) 2 solution in sample BUlla was observed. At maximum 
initial concentration in the so lution was more lEF increased adsorbed. On the other 
hand, the adsorption of Zn from the solution in sample BUI and sample JEF increased 
very significantly with the increasing of equilibrium Zn concentration. Less adsorption 
of Zn by so il was due to the fact that Zn has lower a affinity to be adsorbed and these 
explain the high mobility ofZn compared to the other heavy metals. 
The comparison of affinity of Pb, Cu and Zn in various clay soi ls is illustrated in 
Figures 8.2 to 8.7. It may be noted from these Figures that Pb showed the highest 
retention in a ll samples, compared to Cu and Zn. Zn adsorption was the lowest in all 
samples. The affi nity of heavy metals for various soil samples shows the high mobility 
ofZn through any potential natural liner clay material. 
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The early stage Pb adsorption by clays was almost similar in all soil samples. After a 
further increase of concentration the adsorption varies and very much depends on the 
quality of soil material, which corresponds on their clay content, carbonate contents, 
specific surface area, cation exchange capacity. However, this behaviour (same 
adsorption amount at the early stage of the experiment) could not be observed in the 
other element, Cu and Zn. For Cu and Zn, the adsorption behaviour in GMa,.BUIIa .. 
and BUIIb showed very similar pattern (especially at the beginning of the test), due to 
similarity in their chemical composition. Furthermore, the same pattern can also be 
observed in sampler BUI and JEF. 
The comparison of affinity of Pb, Cu and Zn in various clay soils as illustrated in 
Figures 8.2 to 8.7. It may be noted from the figures that Pb showed the highest 
retention in all samples. Compared to Cu and Zn. Zn adsorption was the lowest in all 
samples. The affinity of heavy metals for various soil samples can be ranked as 
follows: Pb>Cu>Zn. The lower retention of Zn by soil samples shows the high 
mobility of Zn through any potential liner clay material. 
8.4.4.2 Adsorption of heavy metals from mixed solution. 
The amount of Pb removed from the mixture solution in samples BUI, BUlla, BUIIb 
and GMa decreased very rapidly with Pb concentration until it reached the equilibrium 
concentration of 4000 mgll. Similar observation could be made for sample JEF. All 
samples showed that very small amount of Pb was adsorbed, but n sample JEF the Pb 
adsorption was quite high. This may be explained by Pb being released from soil 
particles due to ion exchange with other cation species. It may also be concluded that 
Figure 8.12 that sample JEF shows the highest capability to absorbed Pb compared to 
the samples, and sample BUI shows the lowest Pb adsorption capacity. 
It is also noticed that sample JEF shows the hightes Cu adsorption compare to other 
samples and again sample BUI showed the lowest amount of Cu adsorbed. The 
adsorption of Cu by all samples was decreased with the increasing of eqUilibrium 
concentration in the solution. Figure GMa and BUIIb showed the lowest absorb per 
unit weight of clay against equilibrium Zn concentration. 
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Only sample JEF showed relatively high adsorption capacity compared to the other 
samples. This is most probably due to the dilution error during the analysis stages. All 
samples showed relatively low retention/affinity for Zn compared to Cu and Pb heavy 
metals. The lowest Zn adsorption may be due to the fact that Zn possesses high 
mobility compare to the other heavy metals. 
The batch equilibrium test results give some idea of the adsorption capacities of the 
soil under consideration, but on the whole it is thought that the actual results are quite 
inconclusive and in some cases do not correlate well with the CEC and SSA results 
obtained. It can however be that said most samples show relatively low adsorption 
capacities. From the composite mixture of heavy metals all tested soil types tended to 
adsorb the cations in this order of magnitude Pb>Cu>Zn, thi s show that in terms of 
competition fo r sites Pb is the leader. These results agree with the finding of Yong et 
al. (1992) who di scover that the order was Pb>Cu>Zn. This again may due to the 
composition of different soil types tested, or alternatively to the higher pH resulting i.n 
a change of adsorption properties. 
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8.4.5 Adsorption Capacity 
The adsorption experimental data from batch tests have been used to plot adsorption as 
already illustrated and explained chapter 7. The experimental data were then fitted 
using linear, Henry, Freundlich and Langmuir equations, as explained in Chapter 4. 
Generally, the experimental data were fitted by trial-and error using Excel-2000 to 
determine the linear, log or exponential regression value (r 2 ) which best represents the 
adsorption data, The equation with the highest (r 2) value is taken as the most 
appropriate equation to represent the experimental data (Figure 8.13). 
According to Griffm et al., (1979) it is desirable to be able to fit the adsorption data to 
adsorption isotherms so that parameters associated with the adsorption isotherm can be 
calculated and comparisons and correlation with data can be made. 
The use of adsorption equations to fit adsorption data and determine the retention 
parameters is important. According to Bucher et al., (1989), the relationship between 
soil properties and retention parameters can be used to estimate retention parameters 
when retention data for particular elements and soil type are lacking, but soil property 
data are available. From trial-and error, all experimental data from single and mixed 
solutions were best presented using Langmuir equation, which gave linear regression 
values (r2) very close to 1.00. Appendix C illustrates the Henry, Freundlich and 
Langmuir plots with their linear regression values for Pb, Cu and Zn for all the soil 
samples in single and mixed solutions. 
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Figure 8.13.The Schematic of regression analysis on adsorption data from batch 
equilibrium test. 
The values of linear regression analysis (r 2) based on Langmuir, Hemy and 
Freundlich equations were then simplified in Table 8.1 for single solutions and Table 
8.2 to 8.4 for mixed solutions. The linear regression values presented in both tables, 
calculated from Langmuir· equation, are better than the regression values from the 
Freundlich equation. The (r 2 ) values indicate that the adsorption data fitted very well, 
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and were best presented using the Langmuir equation, rather than Henry and 
FreundIich equation model. It is not surprising that the adsorption data did not follow 
only one equation. For the main purpose of the study, it was considered best fit all the 
experimental data using Langmuir equation. This allowed a comparison to be made 
between the heavy metal retention capabilities of all soils tested. In the context of this 
study, therefore, adsorption of data analysis based on the Langmuir equation. has 
proved highly effective. 
Sorption model 
Henry Freundlich Langmuir 
Sample Kd R2 K N R2 IlK, K,=C, R2 
(l/kg) (l/kg) (kg/mol) (mol/kg) 
BUll 0.002 0.102 0.0002 0.6649 0.997 9.433 0.000106 0.994 
BUlla - - - - - 9.431 0.000106 0.994 
BUIlb 0.0002 0.1023 0.0001 0.684 0.7006 9.6 1.05*-4 0.995 
GMa 0.0002 0.10233 0.0002 0.664 0.993 9.2 0.000102 0.994 
JEF 0.0001 0.597 0.0002 0.663 0.997 9.4 0.000106 0.994 
Table 8.1. The Linear regression analysis (r 2) values derived from Henry, FreundIich 
and Langmuir equations based on adsorption data using single solution 
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Sorption model 
Henry Freundlich Langmuir 
Sample Kd R2 K N R2 IlK! K!=C, R2 
(I/kg) (I/kg) (kg/mol) (mol/kg) 
". ... 
., ... 
"' 
. -"'. , • •• d~ • . ..... 
BUll 1433 0.952 3030 1.315 0.999 -1.7 1.880 0.037 
BUlla 1475 0.954 3062 1.240 0.994 0.211 1.333 0.152 
BUIIb 1681 0.932 3042 1.462 0.996 0.88 1.233 0.174 
GMa 1475 0.951 3150 1.315 0.999 0.80 1.250 0.1613 
JEF 2011 0.928 3065 1.261 0.993 0.73 1.6030 0.162 
Table 8.2. Calculated adsorption parameters of Pb 
Sorption model 
Henry Freundlich Langmuir 
Sample Kd R2 K N R2 IlK! K!=C, R2 
(I/kg) (I/kg) (kg/mol) (mollkg) 
BUll 0.0002 0.012 0.0002 0.663 0.997 9.41 0.00010 0.979 
BUlla 0.0001 0.546 0.0002 0.421 0.993 9.42 0.00010 0.995 
BUIIb 0.0004 0.977 0.0001 0.165 0.991 9.21 0.00010 0.963 
GMa 0.0002 0.012 0.0002 0.351 0.994 9.01 0.00020 0.953 
JEF 1433 0.952 3030 1.315 0.999 1.250 0.0008 0.161 
Table 8.3. Calculated adsorption parameters of C 
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Sorption model 
Henry Freundlich Langmuir 
Sample Kd R2 K N R2 lIKJ KJ=C, R2 
BUll 
BUlla 
BUIIb 
GMa 
JEF 
(1Jk1l) . (lJkg) (kg/mol) (mollkg)-
0.002 0.102 0.0002 0.664 0.997 9.433 0.00061 0.994 
0.0002 0.102 0.0001 0.002 0.997 9.435 0.0500 0.995 
0.0002 0.100 0.0002 0.003 0.700 9.600 0.0002 0.994 
0.0001 0.597 0.0002 0.664 0.997 9.900 0.0001 0.994 
0.0002 0.127 0.0127 0.663 0.997 9.400 0.0012 0.992 
Table 8.4. Calculated adsorption parameters of Z 
The adsorption data from batch tests in both single and mixed solutions were best 
presented using a Langmuir equation with r2 >0.7 in the single solution case and r2 > 
0.4 in the mixed solution case. As mentioned earlier, the Langmuir equation provides 
the parameters of the maximum adsorptions and a constant related to bonding energy 
of the adsorption to the adsorbed (K). 
The adsorption maximums of soil samples from single solutions were higher 
compared to mixed solution, except for adsorption in sample BUlla. In single 
solutions, the highest adsorption maximum was in sample JEF and the lowest in 
sample BUlla. The same results obtained from the mixed solution. The difference of 
adsorption maximum values in single solutions compared to mixed solutions was 
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possibly due to the competition between various cations in mixed solutions for 
adsorption sites on soil solids. In single solutions, there was no competition between 
ions and therefore, a single ion was adsorbed freely onto the soil solids, resulting in 
higher adsorption maximum values. According to Udo et aI., (1970), the cations 
competing with heavy metals for adsorption were primarily Ca and Mg probably from 
. the dissolution of the soil carbonates in the soil suspension (high acidic solution used ... 
attacks carbonates). 
Soils with high specific surface area, and cation exchange capacity, clay contents and 
carbonate content are more likely to retain more cations compared to soils with low 
values of these parameters (Bucher et aI., 1989). 
8.5 Effect of Adding Bentonite 
The addition of bentonite to the original clay samples was done in order to observe the 
change in hydraulic conductivity and the attenuation characteristics in the clays and 
whether they comply with regulatory requirements. 
The particle size distribution tests were needed to confirm the additional clay minerals 
had been added the clay content to the samples and could be visibly seen on the 
respective PSD curves. The results proved this fairly increases in both clay fraction 
and fmes sections of the PSD curves. 
The compaction results showed an unexpected link with optimum moisture content of 
the five percent as their values dropped from the original values of sample JEF and 
GMa, when if anything a rise was expected. With the calculation of the ten percent 
addition values however, the optimum moisture content values were back to what they 
were originally before the addition of bentonite. This leads to the conclusion that the 
five percent results were anomaly and sorts caused by the variability of compaction 
test. It also highlights the controlling influence of the fme grained on the sample that 
the addition of clay has not got any noticeable effect. 
Hydraulic conductivity results showed what was expected with bentonite added 
samples showing a relatively large decrease in hydraulic conductivity with the 
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addition of the five percent of the clay minerals. With the increase to ten percentages 
however, at 2.5 kg level, the bentonite showed a slight decrease in hydraulic 
conductivity. At 4.5 kg level the hydraulic conductivity values showed further 
decrease in the hydraulic conductivity of all three samples. This indicates that any 
further addition of extra clay fraction will not necessarily lead to a further lowering of 
hydraulic. conductivity values.The attenuation characteristics. via Batch equilibrium. " ' ... c •• 
test showed that the adsorption capacity of tested was increased by the addition of 5% 
bentonite to the original samples. As mentioned in chapter 6, as the clay content 
increased the more adsorption capacity of soil samples improved to attenuate the 
passage of laecahte. Chapter seven has shown that bentonite can be used as additive to 
improve a soil quality and help to achieve lower hydraulic conductivity values, and 
made them more suitable for use as mineral landfill liners. The work carried out for 
this chapter has however highlighted to this author that bentonite is a very difficult 
clay mineral to handle and moisten in the field. The results of the addition of five and 
ten percent of bentonite showed that bentonite is capable of improving the standards of 
a potential mineral liner. However, assuming greater care is taken when handling 
bentonite, it is still cheaper option to use as an additive material to Libyan soil, at least 
at the present time rather than use a more sophisticated technique. 
8.6 Summary 
In this chapter, the suitability of the Libyan soils for landfillliner was evaluated based 
on their physical and chemical properties. The physical and chemical properties 
provide information concerning the performance of the liner material. 
From this study of soils, several conclusions can be drawn regarding the physical 
chemical, mineralogical and attenuation properties. It can be seen from the results that 
all the samples have almost the same characteristics, and all behave very similar to 
each other when subjected to physical and chemical testing. The physical properties 
influence the hydraulic conductivity performance of the liner, i.e. to be compacted to 
reach the minimum requirement of 10 -9 mls or less. According to the most suitable 
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· guidelines that suit Libyan conditions, the acceptance criteria for the soil material for 
landfillliner should meet the following:. 
1) capable of achieving a hydraulic conductivity of lxlO-9 m/s or less 
2) minimum clay content 18 %; 
.3) liquid limit not greater than 9Q % 
4) plasticity index not grater than 65 
5) high adsorption capacity 
From the physical properties, five-selected soils samples namely BUI, BUlla, BUlIb, 
GMa, and JEF are almost show the same engineering behaviour. This is due to the fact 
that all samples came from the same geological origin, and this even proved by the 
mineralogical analysis using X-ray diffraction that was conducted in this research, and 
from previous mineralogical studies (German consultant report, 1973). 
The chemical properties influence the attenuation capability of the soil to attenuate the 
movement of the contaminants. Chemical properties are important factors in the 
attenuation of the leachate contaminants. All chemical properties are capable to 
influence the attenuation of contaminants via chemical reactions, i.e. ionic exchange, 
adsorption, complextion and precipitation. There is a strong relationship between the 
chemical properties and the attenuation capability of the soil. 
The adsorption capacity of the soil GMa cannot be calculated yet, as the summary 
Langmuir isothenn is far from reaching a maximum. The very high regression 
coefficient shows that the summary sorption still follows the Freundlich isotherm and 
there is still a big reserve. However, the linear regression coefficient is quite low 
which means that the sorption is no more proportional to the equilibrium 
concentration. By looking at the isotherms of single metals, it is clear that the 
mentioned reserve goes for Pb, where both Henry and Freundlich isotherms can be 
applied, i.e. also the distribution coefficient of lead can be calculated. Even though the 
Freundlich isothenn can be applied also to Cu and Zn very well, these two metals are 
in the strongest solution near to their sorption capacity under these conditions and 
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csmax could be calculated from the linearised Langmuir isotherm. In general, Pb is one 
of the best-sorbed heavy metals, Cu only moderately and Zn is very mobile. 
The adsorption capacity of tested soils was highly influenced by the carbonate content, 
CEC, SSA, and more importantly clay contents. This indicates that these soils are still 
not good enough to use as landfillliner unless mixed with high swelling material such 
as bentonite. All the samples clearly"showed relatively poor buffering capacity and . 
poor capability to retention of heavy metals, due to its small amount carbonate 
content, CEC, and SSA and clay contents. From the study, the buffer of the soils can 
be related to the maximum adsorption capacity of the soils to retain the heavy metals. 
The significance of using Henry, Feundlich and Langmuir equations to determine the 
maximum adsorption capacity from this study is not proof that heavy metals removed 
from solution is a adsorption process. However, a combination between ion exchange, 
adsorption, complexation, and precipitation are most likely involved. 
Based on the adsorption isotherms and maximum parameters, one can conclude that 
only one sample (JEF) has an adsorption capacity for heavy metals, whereas the other 
samples shown poor adsorption capacities. 
The selectivity order of heavy metals retention in both single and mixed solution 
system for samples tested is ranked as Pb>Cu>Zn in all soil samples. The high 
selectivity for Pb is due to lower mobility and high retention of Pb in this study. 
Meanwhile, low selectivity of Cu and Zn resulted from the high mobility but less 
retention of Z. 
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CHAPTER NINE 
CONCLUSIONS AND FUTURE WORK 
9.1. Introduction 
This chapter presents the conclusions drawn from the fmdings and the discussions in the 
entire research. The research work focused on the investigation of the current waste 
disposal and waste management in Libya with emphasis on fmding a suitable local 
material to be use as landfillliners. The physical, chemical and geotechnical properties of 
Libyan clays were further investigated to enable the author to evaluate the suitability of 
the low cost local materials (natural clay) as part of a landfilllining system. 
This research was carried out to achieve the following objectives: 
1) To investigate the waste disposal practice in Libya and to assess the possible 
consequences of the current practice 
2) To develop an overall feasibility of the use engineered landfilling in Libya 
3) To compare and investigate the viability of the use of local clay as liners for 
engineered landfilling 
4) To characterise all the physical and chemical characteristics of the Libya soil; 
their characters will be discussed according to their suitability as engineering clay 
landfillliners 
5) To make recommendations for improved waste disposal practices and use of 
appropriate liners that can suit Libyan conditions, and for its use as waste disposal 
landfillliners. 
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The under-development of the waste management industry is expected to remain one of 
the major problems in Libya, due to a rising population in the main cities, increasing of 
solid waste generation, the lack of waste management and the well trained manpower, 
and improper handling of waste by dumping it in large open sites around and near 
residential areas. 
This research has shown that fmding a suitable local material for landfill liners and the 
construction of engineering landfJll sites in Libya is very important and urgently needed 
for the protection of groundwater resources and environment. 
The current situation leads to serious problems such as groundwater contamination, air 
and environment pollution in areas surrounding dumping sites, (AJghariani, 1999). This 
will increase the pressure on the local authority to minimise the risk of environmental 
pollution, and seek to find a suitable solution for the current pollution problem in Libya. 
It is also hoped that the reconnnendations of suitable guidelines that can suit Libyan 
conditions will help to minimise the current environmental problems. Because there is 
limited information and knowledge about the extent of pollution problems and the 
leachate production rate in Libya, the prediction of the impact of the waste disposal has 
been made difficult. It has not been possible to quantitatively assess this impact and 
hence, longer term human and environment risk within this research. The main source of 
information was based on personal contact and very limited published data. 
The way in which naturallandfillliners are designed and evaluated has been reviewed in 
detail. Regulatory requirements should be examined and created with greater care. 
Different guidelines and regulatory requirements from different countries, particularly 
those countries that have the same climate conditions, were consulted in this research. 
This was helpful in proposing of general criteria that might be used in any landfillliners 
in Libya. 
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9.2. Conclusion 
The following points comprise major conclusions of the research: 
1) The investigation of the waste disposal practice in Libya has shown that solid 
waste is still being dumped in large open sites near highly populated areas and left 
without any..form of protection .. The cons~quences of current practice is clearly 
seen on the wide spread of pollution that resulted from poor management of the 
waste disposal in Libya. The pollution is clearly affected the groundwater 
resources and surrounding envirorunent as the waste left for long time without use 
of proper engineering landf1ll sites. This situation needed to be urgently solved in 
order to minimise the consequences of current situation. This must be done by 
construct of fully engineering landfill and use of clay liner system. The use of 
natural clay liner for future landfill in Libya is very important and urgently 
needed for the final disposal of solid waste as it is simple and affordable to use 
and costly is acceptable. Its also can use the local material which is available in 
large quantities in the country. 
2) A detailed literature review has highlighted the fact that Libya currently lacks the 
guidance and regulation on the evaluation of the use of clay soil for its use as 
landfillliners. The literature review and research conducted here have also shown 
that the engineering controls on the hydraulic conductivity of clay liners have 
been thoroughly researched in developed countries. While such valuable research 
is not available for developing countries like Libya. A compacted mineral liner 
which is less than one meter thick would be more susceptible to desiccation 
cracks, micro fractures and damage during compaction, therefore lowering the 
thickness is not recommended in this study. 
The measurement of a hydraulic conductivity value 10 -9 m1sec is brought into 
question. A regulatory requirement must draw a line somewhere and 10-9 m1sec 
or even less is an appropriate value for any future landfill liners in Libya. 
However, it is the level of accuracy to measure that needs to be addressed. In the 
laboratory, engineering controls on the compaction and the method of measuring 
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hydraulic conductivity are much tighter and more easily controlled than if these 
measurements were conducted in the field. 
3) This research proved that the availability of cheap natural resources (clay soil) in 
Libya is an ideal solution to minimise the pollution problem by using it in the 
construction of fully engineering landfill systems with a little of modification. 
" : 
4) Engineering landfillliners in Libya must be constructed from local materials that 
have appropriate physical and chemical properties and strength, a sufficient 
thickness and permeability to prevent failure from internal or external pressure. 
Landfillliners will prevent leachate from migrating across the liner system to the 
groundwater aquifer. A liner with low permeability is needed to hinder pollutants. 
The attenuating capacity of liner depends on its chemical composition and mass. 
Physical properties of clay liner depend on several interacting factors such as 
mineral composition, distribution and ,shape of particles, soil fabric, degree of 
saturation and hydraulic conductivity. 
5) The original Libyan soils that were tested in this research showed poor quality in 
terms of their geotechnical and chemical properties for their use as landfillliners; 
however this research finding showed that this soil can be improved by the 
addition of 5 percent of bentonite by weight. 
6) Recent regulations have considered that the important features of any clay mineral 
for use in a landfilling system are its attenuation capacities (defined by cation 
exchange capacity and the ability of the clay mineral to swell. It can and should 
be argued that the important features should be the chemical inertness of the 
mineral and its ability to achieve a hydraulic conductivity value of 10-9 mlsec, or 
less when fully compacted. 
7) The chemical properties influence the attenuation capability of the soil to 
attenuate the movement of the contaminants. Chemical properties such as cation 
exchange capacity, specific surface area,. carbonate content, and clay mineralogy 
are important factors in the attenuation of the leachate contaminants. There is a 
strong relationship between the chemical properties and the attenuation capability 
of the soil. It was concluded that soil with high clay content, high cation exchange 
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capacity, and high specific surface area would produce a good adsorption 
capacity. 
8) The original soil showed low buffering capacity to retain high amounts of heavy 
metal. This is improved by the addition of 5 % of high -swelling bentonite. 
9) The modified samples are shown to have good attenuation properties and would 
"' ; • 1 
therefore work well as landfill liners in Libya. They exhibit all the requirements 
mentioned in point one of these conclusions. 
10) The addition of bentonite at 5 and 10 % level, to the original Libyan soils was 
conducted to observe the change in the appropriate regulatory requirements. It 
was found that by adding 5% of weight of bentonite to original soil would 
improve the chance of comply with regulatory requirements. Adding a level high 
than 10 % bentonite to the soil did not produce any further improvements in their 
behavoiur. 
11) Addition of bentonite was proved to be a better addition to the sample as it gave 
higher increases in clay contents and more importantly a lower value of hydraulic 
conductivity, and increased the attenuation capacity of all tested samples. The 
heavy metals that were found in leachate were most efficiently adsorbed by the 
addition of 5% bentonite. It adsorbed the positively charged species well because 
of the negatively charged surface of the clay. 
The research conducted here was intended to investigate the current waste disposal 
practice in Libya and their impact on the environment. It's also further investigated the 
suitability of Libyan clays for use as landfillliners. An attempt has been made to explain 
their suitability based on their geotechnical and attenuation characteristics. 
The research has shown the conclusions as stated previously but the next section will 
provide author's recommendations for future work in this area. 
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9.3. Recommendation for Future Work 
An extension to this research should be carried out in order to improve the finding of a 
suitable solution to the current waste disposal practice in Libya and also to discover more 
information about the properties of soils that can be used as landfiIllining system. 
1- More investigations are needed to study the current pollution problems in .Libya that .. 
are caused by the use of open pit to dump waste. This will show a clearer picture of 
the extent of the pollution problem on the environment and groundwater. 
2- The development of in-site field trials of permeameters such as the sealed double ring 
infiltrometer to assess the performance of the double ring laboratory permeameter 
(DoRLaP) in measuring the actual permeability of the liner material. The level of the 
effective stress in the DoRLaP cell should be established to produce regulatory 
requirements definitive evidence about the discrepancy between the triaxial and the 
DoRLaP hydraulic conductivity values. 
3- The measurement of hydraulic conductivity can be a time consuming, and laborious 
process, whether using the falling head or the constant head method. One step 
forward would be to study the use of another technique such as the use of topography 
develops a quicker and wholly accurate method of measuring the hydraulic 
conductivity of a compacted sample. Topography uses electric sensors to form a 
picture of the permeating fluid, therefore not only would the hydraulic conductivity 
but this process would also enable the study of the permeating fluid so as to address 
the question of whether the dominant flow is down the sidewaIl of the cell. 
4- The batch equilibrium test should be carried out at different pH levels in order to 
ascertain the effect of averaging pH may have on adsorption properties the soils in 
question. 
5- The batch equilibrium tests could also be carried out using different chemical species 
such organics or different minerals that may be expected to occur in landfill sites. 
6- The study could broaden to take a wider area of Libya to compare and contrast these 
results, especially in areas near the cities where the pollution has occurred. 
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7- Study of other landfill systems and methods usage in Libya and compare it with this 
research will show the best method and landfill liners that can be more suitable to 
Libyan conditions. 
8- The use of the clay mineral bentonite should be further investigated to confirm its 
inertness to realleachate and to quantify its attenuating characteristics. Field trials on 
the'mixing and compacting of the bentonite with local soil would also' assist in . 
assessing the ease of transition from the laboratory into the field. 
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Appendix A 
Particle Size Distribution analysis Data 
SIN BUI ample ame: 
Sieve Size Retained (%) Passin~ (%) Cumulative Passin~ (%1 
2 0 100 100 
1.18 0.2 99.8 99.8 
0.6 0.4 99.6 99.4 
0.425 0.8 98.2 98.6 
0.300 1.5 98.5 97.1 
0.212 6.9 93.1 90.2 
0.150 30 70 60.2 
0.063 0 90 50.2 
0.02 75.1 43.4 
0.006 35.1 20.3 
0.002 20.8 12.0 
Sieve Size Retained (%) Passin~ (%) Cumulative Passing (%) 
2 
0 100 100 
1.18 0.2 99.8 99.8 
0.6 0.5 99.5 99.3 
0.425 0.8 99.2 98.5 
0.3 1.4 98.6 97.1 
0.212 6.7 93.3 90.4 
0.15 31 69 59.4 
0.063 11.2 88.8 48.2 
0.02 75.1 43.4 
0.006 35.1 20.3 
20.4 11.8 
0.002 
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Sieve Size Retained (%) Passing (%) Cumulative Passing (%) 
2 
0 100 100 
1.18 99.8 99.8 
0.2 
0.6 0.6 99.4 99.2 
0.425 0.7 99.3 98.5 
0.3 1.5 98.5 97.0 
0.212 6.8 93.2 90.2 
0.15 30.1 69.9 60.1 
0.063 11 89 49.1 
0.02 76.2 44 
0.006 35.3 20.4 
0.002 21.1 12.2 
Sample Name: BUlla 
Sieve Size Retained (%) Passing (%) Cumulative Passing (%) 
2 0 100 100 
1.18 0.4 99.6 99.6 
0.6 3.5 96.5 96.1 
0.425 11 89 85.1 
0.300 9.3 90.7 75.8 
0.212 6.1 93.9 69.7 
0.150 8.4 91.6 . 61.3 
0.063 10.2 89.8 51.1 
0.02 45 31.0 
0.006 20.1 13.8 
0.002 8.2 5.6 
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Sieve Size Retained (%) Passing (%) Cumulative Passing (%) 
2 0 100 100 
1.18 0.3 99.7 99.7 
0.6 3.6 96.4 96.1 
0.425 11.2 88.8 84.9 
0.300 9.3 90.7 75.6 
0.212 6.2 93.8 69.4 
0.150 8.4 91.6 61.0 
0.063 10.4 89.6 50.6 
0.02 45 31.0 
0.006 20 13.8 
0.002 8.4 5.8 
Sieve Size Retained (%) Passing (%) Cumulative Passing (%) 
2 0 100 100 
1.18 0.4 99.6 99.6 
0.6 3.5 96.5 96.1 
0.425 11 89 85.1 
0.300 9.3 90.7 75.8 
0.212 6.1 93.9 69.7 
0.150 8.4 91.6 61.3 
0.063 10.2 89.8 51.1 
0.02 45 31.0 
0.006 20.1 13.8 
0.002 8.2 5.6 
253 
SIN BUlIb ample ame: 
Sieve Size Retained (%) Passing(%) Cumulative Passing (%) 
2 0 100 100 
1.18 0.06 99.9 99.9 
0.6 2.2 97.8 97.7 
0.425 10.6 89.4 87.1 
0.300 6.3 93.7 80.8 
0.212 8.1 91.9 72.7 
0.150 8.4 89.9 62.6 
0.063 15.4 84.6 47.2 
0.02 34.2 22.4 
0.006 23.4 15.3 
0.002 19.3 12.6 
Sieve Size Retained (%) Passing(%) Cumulative Passing (%) 
2 0 100 100 
1.18 0.05 99.95 100 
0.6 2.1 97.9 97.9 
0.425 10 90 87.9 
0.300 6.1 93.9 81.8 
0.212 7.8 92.2 72.0 
0.150 9.8 90.2 64.2 
0.063 14 86 50.2 
0.02 34.4 22.5 
0.006 22.7 14.9 
0.002 19.6 12.8 
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Sieve Size Retained (%) Passing (%) Cumulative Passing (%) 
2 0 100 100.0 
1.18 0.07 99.93 99.9 
0.6 2.3 97.7 97.6 
0.425 10.1 89.9 87.5 
0.300 6.4 93.6 81.1 
0.212 6.4 93.6 74.7 
0.150 9.5 90.5 65.2 
0.063 16.2 83.8 49.0 
0.02 34.2 22.4 
0.006 21.5 14.1 
0.002 19.1 12.5 
SIN GM ampJe ame: a 
Sieve Size Retained (%) Passing (%) Cumulative Passing (%) 
2 0 100 100.0 
1.18 0.3 99.7 99.7 
0.6 0.5 99.5 99.2 
0.425 0.5 99.5 98.7 
0.300 0.8 99.2 97.9 
0.212 9.3 90.7 88.6 
0.150 12.2 87.8 76.4 
0.063 26.5 73.5 49.9 
0.02 60.4 21.1 
0.006 46.8 16.4 
0.002 35.4 12.4 
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Sieve Size Retained (%) Passing (%) Cumulative Passing (%) 
2 0 100 100.0 
1.18 0.3 99.7 99.7 
0.6 0.4 99.6 99.3 
0.425 0.6 99.4 98.7 
0.300 0.7 99.3 98.0 
0.212 7.5 92.5 90.5 
0.150 13.2 86.8 77.3 
0.063 26.3 73.7 51.0 
0.02 60.9 21.3 
0.006 46.9 17.1 
0.002 35.6 12.5 
Sieve Size Retained (%) Passing(%) Cumulative Passing (%) 
2 0 100 100.0 
1.18 0.3 99.7 99.7 
0.6 0.3 99.7 99.4 
0.425 0.6 99.4 98.8 
0.300 0.5 99.5 98.3 
0.212 7.5 92.5 90.8 
0.150 13.2 86.8 77.6 
0.063 25.8 74.2 51.8 
0.02 62.4 21.8 
0.006 49.4 17.3 
0.002 36.4 12.7 
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AppendixB 
Al.l Liquid Limit and Plastic Limit Data 
Sample Name: BU I 
Test Method BS 1377:Part 2:1990:4.3/4.4 
Plastic Limit-l 
Container Number 1 2 Average 
Container (g) 24.6 23.60 
Wet Soil + Container (g) 44.30 43.20 
Dry Soil + Container (g) 41.20 40.10 
Moisture Content % 18.6 18.8 18.7 
L' 'dL' . 1 IqUl Imlt-
Test Number 1 2 3 4 
Cone Penetration (mm) 14.32 20.15 20.40 24.33 
Container (g) 23.00 9.40 9.60 23.10 
Wet Soil + Container (g) 86.60 69.40 63.30 68.30 
Dry Soil + Container (g) 74.54 54.80 50.03 55.30 
Moisture Content (%) 23.4 32.2 32.8 40.4 
Plastic Limit-2 
Container Number 1 2 Average 
Container (g) 25.00 24.66 
Wet Soil + Container (g) 46.30 45.50 
Dry Soil + ContainerC!!) 43.20 42.10 
Moisture Contenteo!.) 17.9 19.5 18.7 
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I.iquid I.iDlit-2 
Test NUDlber 1 2 3 4 
Cone Penetration (DlDl) 18.00 20.21 20.10 24.50 
Container (g) 22.40 12.40 20.30 24.30 
Wet Soil + Container (g) 75.43 66.40 68.20 70.30 
Dry Soil + Container (g) 64.20 53.40 58.30 54.00 
Moisture Content (%) 26.9 31.7 26.1 54.9 
Plastic IiDlit-3 
Container NUDlber 1 2 Average 
Container (g) 20.10 23.50 
Wet Soil + Container (g) 42.60 53.20 
Dry Soil + Container (2) 39.40 48.12 
Moisture Content (%) 16.6 20.6 18.6 
I.iquid I.iDlit-3 
Test Number 1 2 3 4 
Cone Penetration (mm) 15.20 20.00 21.33 25.00 
Container (g) 10.20 20.30 23.30 20.10 
Wet Soil + Container (g) 67.43 77.20 66.30 88.10 
Dry Soil + Container (g) 56.30 63.20 54.50 68.40 
Moisture Content (%) 24.1 32.6 37.8 40.8 
Plastic IiDlit-4 
Container Number 1 2 Average 
Container (2) 23.60 24.10 
Wet Soil + Container (2) 54.40 46.20 
DrySoil + Container (2) 50.30 42.30 
Moisture Content (%) 15.4 23.5 19.4 
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LiqUid Limit-4 
Test Number 1 2 3 4 
Cone Penetration (mm) 15.30 19.60 21.42 24.60 
Container (g) 23.88 20.10 23.23 20.21 
Wet Soil + Container (g) 77.30 65.63 74.23 84.54 
Dry Soil + Container (g) 67.55 54.32 60.32 64.43 
Moisture Content (%) 22.3 33.1 37.5 42.3 
Sample Name: BU Ha 
Test Method BS 1377:Part 2:1990:4.314.4 
Plastic Limit-1 
Container Number 1 2 Average 
Container (g) 24.33 23.33 
Wet Soil + Container (g) 66.30 53.50 
Dry Soil + Container (g) 58.45 46.55 
Moisture Content % 23.0 29.9 26.5 
L· ·d L· ·t 1 ,lqUl lml -
Test Number 1 2 3 4 
Cone Penetration (mm) . 15.30 20.50 21.60 25.66 
. -- .. . -
Container (g) 20.55 22.30 25.50 22.44 
Wet Soil + Container (g) 65.30 68.20 73.44 77.40 
Dry Soil + Container (g) 53.40 53.50 60.40 60.00 
Moisture Content (%) 36.2 47.1 37.4 46.3 
Plastic Limit-2 
Container Number 1 2 Average 
Container (g) 25.10 23.30 
Wet Soil + Container (g) 52.10 40.60 
Dry Soil + Container (g) 46.30 37.00 
Moisture Content % 27.4 26.3 26.8 
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L· ·d L· . 2 Iqul Imlt-
Test Number 1 2 3 4 
Cone Penetration (mm) 15.20 23.65 21.65 25.72 
Container (g) 23.30 23.79 9.72 23.50 
Wet Soil + Container (g) 74.00 78.30 66.10 77.00 
Dry Soil + Container (g) 60.20 61.10 50.30 60.10 
Moisture Content (%) 37.4 46.1 38.9 46.2 
Plastic Limit-3 
Container Number 1 2 Average 
Container (g) 20.50 25.30 
Wet Soil + Container (g) 55.20 44.50 
Dry Soil + Container (g) 48.50 40.20 
Moisture Content % 23.9 28.9 26.4 
L· ·dL· ·t 3 ,lqUI Iml -
Test Number 1 2 3 4 
Cone Penetration (mm) 15.30 20.50 21.60 25.66 
.. _-
Container (g) 20.55 22.30 25.50 22.44 
Wet Soil + Container (g) 65.30 68.20 73.44 77.40 
Dry Soil + Container (g) 53.40 53.50 60.40 60.00 
Moisture Content (%) 36.2 47.1 37.4 46.3 
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Plastic Limit-4 
Container Number 1 2 Average 
Container (g) 12.66 10.66 
Wet Soil + Container (g) 5S.45 4S.42 
Dry Soil + Container (g) 50.11 39.63 
Moisture Content % 22.3 30.3 26.3 
L' 'd L' . 4 ,lqUl ImIt-
Test Number 1 2 3 4 
Cone Penetration (mm) 16.45 20.11 21.32 25.30 
Container (g) 22.00 19.03 25.44 23.32 
Wet Soil + Container (g) 79.34 64.54 66.03 53.67 
Dry Soil + Container (g) 63.69 50.22 54.76 53.67 
Moisture Content (%) 37.5 45.9 3S.4 46.2 
Sample Name: BU lIb 
Test Method BS 1377:Part 2:1990:4.3/4.4 
Plastic Limit-l 
Container Number 1 2 Average 
Container (g) IS.40 15.70 
Wet Soil + Container (g) 52.10 40.60 
Dry Soil + Container (g) 46.30 37.00 
Moisture Content % 20.S 16.9 IS.S 
L' 'dL' . 1 ,lqUl Im!t-
Test Number 1 2 3 4 
Cone Penetration (mm) 15.02 23.65 21.51 23.50 
Container (g) 24.80 23.10 IS.30 23.20 
Wet Soil + Container (g) 74.00 7S.30 66.10 77.00 
Dry Soil + Container (g) 60.40 63.10 50.30 62.S0 
Moisture Content (%) 3S.2 3S.0 49.4 35.9 
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Plastic Limit-2 
Container Number 1 2 Average 
Container (g) 9.30 23.50 
Wet Soil + Container (g) 48.50 42.40 
Dry Soil + Container (g) 44.60 38.20 
Moisture Content % 11.0 28.6 19.8 
Liquid Limit-2 
Test Number 1 2 3 4 
Cone Penetration (mm) 18.40 19.40 22.60 23.50 
Container (g) 25.30 22.30 22.10 20.20 
Wet Soil + Container (g) 68.30 73.40 65.71 78.00 
Dry Soil + Container (g) 57.50 55.40 54.21 62.40 
Moisture Content (%) 33.50 54.4 35.8 37.0 
Plastic Limit-3 
Container Number 1 2 Average 
Container (g) 25.40 15.20 
Wet Soil + Container (g) 68.40 42.10 
Dry Soil + Container (g) 63.50 36.40 
Moisture Content % 12.9 26.9 19.9 
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L' 'd L' 't 3 ,lqUl Iml -
Test Number I 2 3 4 
Cone Penetration (mm) 17.20 20.30 21.60 24.50 
Container (g) 22.30 23.40 23.67 25.10 
Wet Soil + Container (g) 53.40 65.30 76.10 78.50 
Dry Soil + Container (g) 44.90 52.40 60.80 64.50 
Moisture Content (%) 37.6 44.5 41.2 35.5 
Plastic Limit-4 
Container Number I 2 Average 
Container (g) 25.40 15.20 
Wet Soil + Container (g) 68.40 42.10 
Dry Soil + Container (g) 63.50 36.40 
Moisture Content % 12.9 26.9 19.9 
L' 'd L' 't-4 IqUl Iml 
Test Number 1 2 3 4 
Cone Penetration (mm) 17.20 20.30 21.60 24.50 ~ . . 
Container (g) 22.80 23.40 23.67 25.10 
Wet Soil + Container (g) 53.40 65.30 76.10 78.50 
Dry Soil + Container (g) 44.90 52.40 60.80 66.90 
Moisture Content (%) 40.3 44.5 41.2 27.8 
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Sample Name: GMa 
Test Method BS 1377:Part 2:1990:4.3/4.4 
Plastic Limit-l 
Container Number 1 2 Average 
Container (g) 24.20 23.10 
Wet Soil + Container (g) 66.30 68.12 
Dry Soil + Container (g) 58.30 63.20 
Moisture Content % 23.5 12.3 17.9 
L' 'd L' 't 1 ,lqUI Iml -
Test Number 1 2 3 4 
Cone Penetration (mm) 15.20 19.40 20.40 25.00 
Container (g) 24.30 23.40 24.10 23.60 
Wet Soil + Container (g) 85.30 64.50 88.40 67.60 
Dry Soil + Container (g) 70.50 53.30 68.50 50.50 
Moisture Content (%) 32.0 37.5 44.8 63.6 
Plastic Limit-2 
Container Number 1 2 Average 
Container (g) 20.30 24.30 
Wet Soil + Container (g) 45.70 57.10 
Dry Soil + Container (g) 40.30 54.20 
Moisture Content % 27.0 9.7 18.3 
L' 'd L' 't 2 ,lqUI Iml -
Test Number 1 2 3 4 
Cone Penetration (mm) 15.00 20.00 21.60 25.30 
Container (g) 25.40 24.30 25.10 23.40 
Wet Soil + Container (g) 85.80 74.30 78.50 80.40 
Dry Soil + Container (g) 68.40 60.60 61.20 60.50 
Moisture Content (%) 40.5 37.7 47.9 53.6 
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Plastic Limit-3 
Container Number 1 2 Average 
Container (g) 23.01 20.20 
Wet Soil + Container (g) 45.60 46.30 
Dry Soil + Container (g) 42.01 42.20 
Moisture Content % 18.9 18.6 18.8 
L ·d L· . ,iqUl ImIt-3 
Test Number 1 2 3 4 
Cone Penetration (mm) 15.50 19.82 20.20 25.71 
Container (g) 20.00 23.40 20.50 20.20 
Wet Soil + Container (g) 65.30 63.50 67.40 65.05 
Dry Soil + Container (g) 53.30 51.50 52.30 48.50 
Moisture Content (%) 36.0 42.7 47.5 58.5 
Plastic Limit-4 
Container Number 1 2 Average 
Container (g) 20.20 23.10 
Wet Soil + Container (g) 42.30 44.20 
Dry Soil + Container (g) 39.30 40.80 
Moisture Content % 15.7 19.2 17.5 
Liquid Limit-4 
Test Number 1 2 3 4 
Cone Penetration (mm) 16.20 20.00 21.40 25.00 
Container (g) 9.80 8.30 7.50 8.50 
Wet Soil + Container (g) 54.50 58.30 52.60 55.60 
Dry Soil + Container (g) 42.50 43.50 38.50 38.60 
Moisture Content (%) 36.7 42.0 45.5 56.5 
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Appendix D 
Dl.1 Compaction Data 
Sample Name: BD I 
Test Method BS 1377:Part 2: 1990:4.3/4.4 
2.5 Kg rammer 
3 layers, 27 blows per layer 
Test Number 
Mass of Mould+base+compated 
specimen 
Mass of mould+base 
Bulk density 
Moisture Content 
Dry density 
Test Number 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 
Bulk density 
Moisture Content 
Dry density 
1 
4700.0 
2620 
2.1 
8.25 
1.91 
1 
4750.5 
2620 
2.13 
8.3 
1.96 
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2 
4965.2 
2620 
2.3 
9.3 
1.96 
2 
4966.4 
2620 
2.34 
9.1 
2.14 
3 4 5 
4820. 4805.5 4800.0 
5 
2620 2620 2620 
2.20 2.18 2.18 
10.1 11.4 14.2 
1.99 1.97 1.90 
3 4 5 
4830 4855.5 4760 
2620 2620 2620 
2.21 2.23 2.14 
10.0 11.6 14.5 
2.21 2.00 1.86 
Test Number 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 
Bulk density 
Moisture Content 
Dry density 
Sample Name: BU IIa 
Test Method BS 1377:Part 2:1990:4.3/4.4 
2.1 Kgramme 
Test Number 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 
Bulk density 
Moisture Content 
Dry density 
1 2 
4730.5 4665 
2620 2620 
2.1 2.1 
8.28 9.4 
1.92 1.94 
1 2 
4500 4592 
2620 2620 
1.87 1.97 
10 11.5 
1.80 1.84 
267 
3 4 5 
4835.2 4865.5 4765.5 
2620 2620 2620 
2.2 2.3 2.1 
10.2 11.4 14.4 
1.97 1.96 1.87 
3 4 5 
4605.2 4665.2 4455.5 
2620 2620 2620 
1.98 2.0 1.8 
13.4 16.7 18.8 
1.86 1.85 1.65 
1 2 3 4 5 
Test Number 
4492.5 4491.4 4464 4665.8 4455.3 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 2620 2620 2620 2620 2620 
Bulk density 1.8 1.9 1.9 2.0 1.8 
9.5 11.4 13.4 16.6 18.7 
Moisture Content 
Dry density 1.81 1.85 1.88 1.85 1.53 
1 2 3 4 5 
Test Number 
4441.8 4695.8 4748.3 4769.5 4420 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 2620 2620 2620 2620 2620 
Bulk density 1.82 2.07 2.12 2.14 1.80 
10.1 11.6 13.6 16.8 18.7 
Moisture Content 
Dry density 1.82 1.86 1.87 1.84 1.52 
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Sample Name: BU lIa 
Test Method BS 1377:Part 2:1990:4.3/4.4 
4.5 Kg rammer 
Test Number 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 
Bulk density 
Moisture Content 
Dry density 
Sample Name: BU lIb 
Test Method BS 1377:Part 2:1990:4.3/4.4 
5.4 Kg rammer 
Test Number 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 
Bulk density 
Moisture Content 
Dry density 
1 2 
4820.1 4924.9 
2620 2620 
2.20 2.30 
6.8 8.21 
2.06 2.13 
1 2 
4834.2 4690 
2620 2620 
2.21 2.26 
8.54 9.3 
2.04 2.07 
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3 4 5 
4665.5 4828.9 4373.9 
2620 2620 2620 
2.04 2.20 1.70 
10.27 11.0 11.18 
2.04 1.99 1.95 
3 4 5 
4670 4550 4713.5 
2620 2620 2620 
2.25 2.10 2.09 
10.1 10.8 11.3 
2.05 1.93 1.88 
1 2 3 4 5 
Test Number 
4824.1 4873.8 4860 4780.4 4700 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 2620 2620 2620 2620 2620 
Bulk density 2.20 2.25 2.24 2.16 2.08 
8.52 9.31 10.2 10.78 11.2 
Moisture Content 
Dry density 2.03 2.06 2.04 1.95 1.87 
1 2 3 4 5 
Test Number 
4824.1 4873.8 4858.1 4792.9 4713.5 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 2620 2620 2620 2620 2620 
Bulk density 2.20 2.25 2.23 2.17 2.09 
8.53 9.31 10.2 10.75 11.3 
Moisture Content 
Dry density 2.03 2.06 2.03 1.96 1.88 
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Sample Name: GMa 
Test Method BS 1377:Part 2:1990:4.3/4.4 
5.4 Kg rammer 
Test Number 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 
Bulk density 
Moisture Content 
Dry density 
Test Number 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 
Bulk density 
Moisture Content 
Dry density 
1 2 
4866.2 4907.5 
2620 2620 
2.24 2.28 
7.88 8.91 
2.08 2.1 
1 2 
48770 4910 
2620 2620 
2.25 2.29 
7.9 8.95 
2.09 2.1 
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3 4 5 
4850.7 4766.9 4686.6 
2620 2620 2620 
2.23 2.14 2.06 
9.78 10.66 11.1 
2.03 1.94 1.86 
3 4 5 
4830 4717.8 4720 
2620 2620 2620 
2.21 2.09 2.1 
9.88 10.55 11.0 
2.02 1.93 1.89 
1 2 3 4 5 
Test Number 
4853 4929.3 4831.3 4743.8 4708.8 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 2620 2620 2620 2620 2620 
Bulk density 2.23 2.30 2.21 2.12 2.08 
Moisture Content 7.86 8.93 9.86 10.57 11.05 
Dry density 2.07 2.12 2.03 1.93 1.88 
Sample Name: JEF 
5.4 Kg rammer 
1 2 3 4 5 
Test Number 
4860 4901 4850 4600 4701 
Mass of Mould+base+compated 
specimen . .. .. 
Mass of mould+base 2620 2620 2620 2620 2620 
Bulk density 2.24 2.28 2.23 1.98 2.08 
6.71 8.1 9.5 10.0 10.7 
Moisture Content 
Dry density 2.1 2.11 2.04 1.98 1.9 
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1 2 3 4 5 
Test Number 
4871.8 4901 4841 4765.2 4704.2 
Mass of Mould+base+compacted 
specimen 
Mass of mould+base 2620 2620 2620 2620 2620 
Bulk density 2.25 2.28 2.22 2.14 2.08 
6.7 8.1 9.4 10.1 10.8 
Moisture Content 
Dry density 2.11 2.11 2.03 1.95 1.88 
1 2 3 4 5 
Test Number 
4882.5 4911.8 4830 4560 4521.4 
Mass of Mould+base+compacted 
specimen 
Mass ofmould+base 2620 2620 2620 2620 2620 
Bulk density 2.26 2.29 2.21 1.94 1.90 
6.7 8.1 9.4 10.0 10.6 
Moisture Content 
Dry density 2.12 2.12 2.02 1.94 1.89 
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AppendixD 
Adsorption isotherms 
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